AFGL-TR-82-0223

#p-A 133 179

SIO Ref. 83-10

~ IMPLICATIONS OF THE EQUATION OF TRANSFER
~ WITHIN THE VISIBLE AND INFRARED SPECTRUM

B {universiTy |

B | or
ddCALIFORNIA

BIG FILE CopPy

DIEGO

SCRIPPS
B?STITUIION
OCEANOGRAPHY

Jacqueline I. Gordon

Approved for public release; distribution unlimited.

Scientific Report No. 1
August 1982

Contract No. F19628-82-C-0060
Project No. 7670

Task No. 7670-14

Work Unit No. 7670-14-02

Contract Monitor, Major John D. Mill, USAF
Optical Physics Division

Prepared for

Air Force Geophysics Laboratory, Air Force Systems Command
United Staies Air Force, Hanscom AFB, Massachusetts 01731

VISIBILITY LABORATORY La Jola, California 92083

D

¥



.- S
ok i e e BA A A xa e aean

.

Q\ullﬂed Mumou may obtain additlonnl copies from the Defense Technical lnformmion Center.,
.- Al others should apply to the National Technlcal Information Service.

i - o
. . _—
T . _
. . o
B 5 LI

e 7 X N

"o q

. A

S

i B .

st 3

R T

1 .

* L)

':',:- . «

hd N

P _ ~.

L . il .-l_ [}

T ' '

: : A

oL

& ! b

"

v a

1,

»

“

W ey,

g

A

i

In .

il o -

[

f

W

'

"

Lo

|

5

R

- .

Wi L Vo

A AN . R T S . . . . . .

I AT TS TR TR TR PG R L R T Wt T U 'Y WS VIR W Sl t. MOV s Suor S TN T RO T NPT WL SUR: VU s T WP | N S S UL |




Y
i UNCLASSIFIED
?‘i SECURITY CLASSIFICATION OF THIS PAGE (Wnen Date Entered)
y REPORT DOCUMENTATION PAGE BEF';E,‘,‘;DC%‘S;EE%’,}@":ORM
';l - REPORT NUMBER 2. GOVY ACCESSION NO.| 3 RECIPIENT'S CATALOG NUMBER
- AFGL-TR-82-0223
I 4 TITLE (enad Subtitle) S TYPE OF REPOAT & PERIOD COVERED
| Scientific - Interim
IMPLICATIONS OF THE EQUATION OF TRANSFER Scientific Report No. 1
; WITHIN THE VISIBLE AND INFRARED SPECTRUM S PEAFORMING ORG. REPORT NUMSER
j SIO Ref. 83-10
' S AUTHOR 8 S CONTAACY OR SRANT NumBERTe,
Jacqueline 1. Gordon F19628-82-C-0060
' U BERFORNING ORGANITATION NAWE ANG ADOREIT T8 PROGRAM ELEMENT BPROJECT, TAIR
University of California, San Diego AREA & WORK UNIT NUNBERS
Visibility Laboratory 62101F
La Jolla, California 92093 7670-14-02
t. CONTROLLING OFFICE NAME AND ADDRESS 11. REPORT DATE
Air Force Geophysics Laboratory August 1982
Hanscom AFB, Massachusetts 01731 T3 NUMSER OF PAGES
Contract Monitor: Major John D. Mill/OPA ]
. MONI 2] NCY NAM ADORRSS(!! ditferent trom Conrrolling Ollice) 18. SECURITY CLASS. (of thia report)

UNCLASSIFIED

TTa. 5;3 AISIFICATION/ OOWNGRADING
' 1 HtDULI °
[ ] SI“‘IaU!ION STATEMENTY fol this Report)

Approved for public release; distribution unlimited.

17. DISTRIGUTION STATEMENT (of the absirac! entersd In Bloek 20, If dilferent from Report)

P iUPPLEMENTARY NOTES

Ii. KEY WORDE (Continue on reveres oide il necesesary and identily by bleck number)

Equation of Transfer
Solar Almucantar
Volume Scattering Function

#‘l.' ABSTRACTY (Emmmo on raveree olde {f nesossary and identify by bleck number)

> The equation of tiansfer for radiance, irradiance and scalar irradiance is fully defined and
integrated for a scattering, absorbing and emitting medium. Some of the special characteristics
of the solar almucantar are delineated as well as methods presented for using the solar almucan-
tar sky radiance to obtain radiance transmittance, test optical stability, and/or test for spurious
sun reflectance in the sky radiance photometer. Measurements made with the Visibility
Laboratory integrating nephelometer are reviewed and compared to the Barteneva (1960) cata-
log uf photopic volume scattering functions. An average volume scattering function is derived

R AT
DD ,5%%, 1473  woimonor 1 nov es 18 omsaLETR UNCLASSIFIED
§/N 0102-014- 4001 VSCURITY CLARIFICATION OF THis PAGE (Whan Bars Fateres)

e acadater el s el r o n e S e S

SO S

LI T I l_-".-_'..a
LU NP P

|

cataa’ &M LK

o =% ecr

isi




"t ;
A UNCLASSIFIED

;‘ i SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
)

a
A 20. ABSTRACT continued:

and methods developed for obtaining: 1) the single scattering albedo from horizon sky radiance,
2) the scattering transmittance from sky radiance ratios, and 3) the aerosol optical thickness
from solar almucantar radiances.

N
\
Accusio_p rog___
NTIS GRAAI 0
: 1-DYIC TAB !
i Unannounced - (3
: Justificat ot e
By.
Diastribution/
Availability Codes |
' vail and/or
gSpeaial
el |
" I
Ny . “Opiginal contains eqlor
o | pletess ALl DILC repredults
g . %ons will be in black amd
' white®.
ey
N
-afif
-
%
[
"
X
3
;&
]\\.
;“"
i
:\"fg
o
!
- UNCLASSIFIED
4\, ""‘ SECURITY CLASSIFICATION OF THIS PAGE(When Doeta Entered)
X,
/; )i
H;fr

‘( v yl“,;nw (N -“. _'5 '-"‘L‘"--\" LA “,’-,._.‘-" 1,0 ~'- T T S T S T T e S e T




o AFGL-TR-82-0223 SIO Ref. 83-10
. IMPLICATIONS OF THE EQUATION OF TRANSFER i.-

WITHIN THE VISIBLE AND INFRARED SPECTRUM

Jacqueline 1. Gordon

- .._,4.__4- e

Visibility Laboratory
University of California, San Diego
Scripps Institution of Oceanography

La Jolla, California 92093

JETIELE ST

;‘J ' Approved: Approved: etten N 3
’ "?‘. o
i F .
. S ' ’ .‘
f‘ M W. Austin, Director William A. Nierenberg, Director .
) Visibllity Laboratory Scripps Institution of Oceanography
CONTRACT NO. F19628-82-C-0060 :
| Project No. 7670 Y
(; Task No. 7670-14 ‘
i Wark Unit No. 7670-14-02
A
Ry Scientific Report No. 1
:':" August 1982 :
- t Contract Monitor
'EI Major John D. Mill, Atmospheric Optics Branch, Optical Physics Division )
¥ &
N Approved for public release; distribution unlimited. "
i -
g,‘. Prepared for
AIR FORCE GEOPHYSICS LABORATORY :
g ) AIR FORCE SYSTEMS COMMAND
;‘ UNITED STATES AIR FORCE
155 HANSCOM AFB, MASSACHUSETTS 01731
X
i :

ey o e s ereit . TS . e e e e A e e e e e e e e e
R TG N T R R E U N OIS IR P o e RN . - o e o FE T T S e
; g » o " LA Th I O e S TP T T P T e S e B T R AR
i L el L Wil 14 N Y ERI N ) PR A AT S AL R . v - ; A




Frontispiece

The composite scene above pictorially illustrates many of the radiometric relationships from which the
implications discussed in this report and derived. The photographic portion illustrates a joint
airborne/groundbased experimental measurements program conducted in the vicinity of Mt. Ranier,
Washington by the Visibility Laboratory of the University of California, San Diego, in cooperation with
and under the sponsorship of the Air Force Geophysics Laboratory. The cartoon overlay illustrates the
influence of the direct and diffuse light fields upon surface targets and the atmospheric path between the
surface and the airborne observer. Within the visible spectrum, these atmospheric processes are primarily
scattering in nature. Whereas, within the infrared regions, the processes must be expanded to include the
effects of absorption and emission. A discussion of these combined effects and their interrelationships is
the primary content of this report.
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SUMMARY

This report Is a part of the Visibility Laboratory's Project OPAQUE eifort and was prepared under AFGL Contract
F19628-82.C-0060. It describes a review of the theoretical constructs for & rediation medium which scatters, absorbs and
emits radiation with special emphasis on applications to the visible and b« infrarea.

: The equation of transfer for radiance, irradiance and scalar irradiane~ . fully defined and then integrated. If the dn
radiance distribution is measured at several altitudes, the radiance arrays can be tested for consistency and, if consistent, a
measure of absorption obtained. '

Some of the special characteristics of the solar almucantar are delineated. Methods are presented for using the solar
almucantar sky radiance to obtain radiance transmittance, test optical stability, and test for spurious sun reflectance in the
sky radiance photometer,

Measurements made with the Visibility Laboratory integrating nephelometer are reviewed and compared to the

Barteneva (1960) catalog of photopic volume scattering functions. An average volume scattering function is derived and
methods: developed for obtaining the single scattering albedo from horizon sky radiance, for obtaining the scattering

~ - fransmittance from sky radiance ratios, and for obtaining the aerosol optical thickness from solar almucantar radiances.
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IMPLICATIONS OF THE EQUATION OF TRANSFER WITHIN THE
VISIBLE AND INFRARED SPECTRUM

Jacqueline 1. Gordon

1. INTRODUCTION

In the increasingly sophisticated world of electro-
optical detection, search, and guidance, the requirement
for establishing and predicting atmospheric influences on
system performance continues to be a primary operational
necessity. It is in support of this requirement that the
Visibility Laboratory in cooperation with, and under the
sponsorship of the Air Force Geophysics Laboratory has
maintained an extensive program of airborne optical and
meteorological measurements. In recent years this pro-
gram has been conducted as an independent but coopera-
tive effort (Jchnson er al. (1979)) in conjunction with the
NATO program OPAQUE (Optical Atmospheric Quanti-
tles in Europe), Fenn (1978). During the two year inter-
val spanning the years 1977 and 1978. over 80 missions
were flown documenting the vertical structure of the visi-
ble spectrum total volume scattering coefficient in the
lower troposphere as well as the 47 radiance distribution
of the ambient light field at several altitudes. Since
thorough awareness of the vertical structure of volume
scattering coefficient is essential to the prediction of
atmospheric influences on contrast transmittance through
this regime, these data have been presented in a serles of
technical reports, the two most representative of which are
entitled "Airborne Measurements of Atmospheric Volume
Scattering Coefficients in  Northern Europe, Summer
1978," Johnson and Gordon (1980), and "An Analysis of
Natural Variations in European Sky and Terrain Radiance
Measurements", Johnson and Hering (1981b).

The optimum use of the experimental data
presented in reports such as those referenced above is
surely to establish the baseline assessment of those optical
characteristics most Influencing slant path contrust
transmittance, and to develop from these assessments
realistic predictive models. An initial effort in this model
development, using both surface and profile data from the
OPAQUE program Is discusscd in Johnson er al. (1979),
and the further application of these data to contrast
transmittance modelling Is illustrated by Hering (1981a).

In order to extend the methodologies developed for
visible spectrum modeiling into the infrared, it seems
appropriate to review the theoretical constructs for a radia-
tion medium which scatters, absorbs and emits radiation.
These constructs are being used to evaluate the data from
the atmospheric optical measurement program and

develop models. In addition we will review a few of the
data sets which huve specific modeling implications.

The following section will deal with the basic mono-
chromatic equation of transfer as it relates to radiance,
irradiance and scalar irradiance. The concepts will be fully
defined and related where possible to the theoretical work
of Duntley eral. (1957), Preisendorfer (1976) and Chan-
drasekhar (1960). A table of notational equivalencies for
the Chandrasekhar (1960) notation and the Visibility
Laboratory notation is given in Appendix B.

The third section will delineate some of the special
features of the solar almucuntar.

The fourth section will review the meuasurements
made with the Visibility Laboratory integrating nephelom-
eter. These datu will be compared to the Barteneva (1960)
catalog of photopic volume scatiering functions and an
average volume scattering function derived. Some of the
implications of the average volume scattering function will
then be explored.

2. EQUATION OF TRANSFER
2.1 Radiance

The basic equations developed herein are mono-
chromalic. Applicability to broudband sensors will be dis-
cussed where appropriate.

The most basic equation in radiation theory is the
equation of transfer (Eq 10 Duntley eral. (1957,
Eq. (3) Sec. 3.15 Preisendorfer (1976), and Eq. (46)
Chandrasekhar (1960))

dL(2,8.0)/dr = —alz) Lz 0.4) + L, (z0.8). (2.1)

This equation relates the incremental change in radiance
dL(z,0,4) al altitude z in direction zenith angle 6 and
azimuth ¢ over the incremental path length dr to the
attenuation coefficient «(2), the radiance L(z.6,¢) and
the path function L.(z,0,4). The first term is the loss

term and the second is the gain term.

The attenuation or extinction coefficient a(z) is
equivalent to the Chandrasekhar (1960) mass attenuation
coefficient & times the density p. The attenuation
coeflicient is the sum of the total scattering coefficient
5(2) plus the absorption coefticient a(z)

alz) = s(2) + alz). 2.2)
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The path function L,(z.0,¢) is equivalent to the

Chandrasekhar (1960) mass emission coefficient j times
the density p. The path function is the sum of a scattered
component and an emitted component which is related to
the absorption

L,(2.8.0) =L, (2.6.¢) + L, (7). (2.3)
s '

The emitted component due to absorption is isotropic and
hence is shown without direction modifiers.

Scattering

The scattering coefficient has two components. Ray-
leigh or molecular scattering xs Is highly wavelength
dependent being proportional to the inverse fourth power
of the wavelength A~% Mie scattering s is less
wavelength dependent. Both tend to be smooth continu.
ous functions with wavelength.

The path function due to scattering is the integral of
the incoming radiance L(z,0'.¢') in all 4= directions
(including tne sun whera appropriate) times the volume
scattering function o (2,8

L, (266 = f L(1.0'¢") o(2.8740. (2.4)

The scattering angle B’ is equivalent to the Chandrasekhar
(1960) ang'e ©. It is a function of the incoming radiance
direction angles 6',5' and the sensor direction angles 6,9
as follows

cosg’ = 8ind siné’ cos(d'~¢) + cosd coss’ . (2.5)

The integral of the volume scattering function over 4= is
the total scattering coefficient

$(2) = [ o(2.0)d01 . (2.6)

The volume scattering function is equivalent to the Chan-
drasekhar (1960) phase function p(cos®) times the
attenuation coeflicient « divided by 4.

Absorption and Emission

Atoms and molecules in the gas phase absordb and
emit in line and band spectra. The atomic spectra are line
spectra and tend 1o be at the shorter wavelengths. The
band spectra are molecular and tend to be at the longer
wavelengths. The continua are essentially part of the band
spectra, weak but broad spectrally.

Molecnies in the liquid or solid phase cannot emit
line or band spectra but can only emit in a continuous
spectrum, ths distribution of which is determined by the
ambient temperature, in other words like & black or grey

body (incomplete radiator). This implies thot the absorp:
tion spectrum for liquids and solids is also continuous
spectrally.

An aerosol is defined as @ mixture of gas and small
solid or liquid particles. Although the solid particulates
and water droplets with dissolved particulates absorb and
emit like a grey body with a continuous absorption spec-
trum, the gas or air absorbs and emits in line and band
specira. Thus the aerosol absorbs and emits like a spectral
or colored body.

Emission  Mechanisms. The principal emission
mechanisms above the mesosphere are electrolumines-
cence and chemiluminescence resulting in line and band
spectra. These emissions are called airglow. These are
important in the visible part of the spectrum at twilight
and night but will not be dealt with herein.

The principle emission mechanism in the tropo-
sphere and in the atmosphere at or below the mesosphere
is temperature radiation which is photon emission caused
by atomic or molecular collision. The atmosphere is
assumed to be in local thermodynamic equilibrium, hence
Kirkhoffs law applies. The path function due to emission
is thus [Eq. (38) Chandrasekhar (1960))

L,, (z) = a(z2) LG, T) 2.7

where L(A,7T) is the blackbody radiance at wavelength A
and 7 is the tcmperature in degrees Kelvin. The path
function due to emittance at and below the mesosphere is
highly wavelength dependent and should be dealt with
monochromatically.

A black body in thermodynamic equilibrium absorbs
and emits as a continuous function of wavelength and
temperature according to the classical equation {Wolfe
(1978) Table 1.7)

LT = ¢/ [ma3(ex ~1)] (2.8)
where
;=21 hel = 3.741382E-16 Wm? (2.9)
and
Xxmcy/ AT, (2.10)

The form 3.74 E-16 is an alternate format for 3.74x 107,
This computer form is used throughout this report. The ¢
is the speed of light, 4 is the Planck constant and

€y = ch/k = 1.4387B6E-2 mK Q.11

where k is the Boltzmann constant. The constants are
from Driscoll and Vaughn (1978) Table A.l.

Vistble Spectrum. Blackbody radiance and hence exi-
tance (emittance) is negligible in the visible spectrum.
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Even at lum at 300°K (27°C or 80°F),
L(1um,300K) = 1.76E~7 W/Qm? At shorter
wavelengths (all the visible wavelengths) and/or lower
temperatures (the normal range of temperature below the
mesosphere) the emittance is still less. Hence for the visi-
ble spectrum Eq. (2.3) becomes

Ly(2:0,9) = Ly (2/0,0) . (2.12)
Jquilibrium Radian

. The equilibrium radiance is defined as the radiance
when the incremental change in radiance over the incre-

. mental path length dL/dr equals zero, therefore from

Eq. (2.1) (Eq. (11) Duntléy et al. (1957))

0= Lo(2,0,¢) = al2) L, (2,6, (2.13)

or (Eq. (40) Chandrasekhar(1960))

L,(2,6,0) = Lo(2,0,4) /a(2) . 2.19)

. Thus the oquilibrium radiance is equal to the Chan-
‘drasekhar (1960) source function J.

No Absorption. In a medium or at wavelengths with
no absorption, the attenuation coefficient would equal the
scattering coefficiont and the equilibrium radiance would
be equal to

Ly(2,0,9) = Lo (2.0,¢)/s(2) . (2.15)

~ Scartering Negligible. When scattering is negligible,
such as at longer wavelengths in the infrared, the attenua-
tion is equivalent to the absorption. Substituting Eq, (2.7)
into Eq. (2.14) we have

Ly(10.8) = LOT) . (2.16)

Equation of Transfer. An alternate form of the equa-
tion of transfer is to divide both sides by the attenuation
c(x]);g)i]em and let dr equal secd dz (Eq. 63 Chandrasekhar

c0s8 dL (1,6,9) / [alz) dz)
w-L(z60)+ L, (204) . 217

The cosé is equal to the Chandrasekhar (1960) function
and «(z) dz is equal to dr(z) the differential of the optical
thickness (z).

Incrementsl Path Length

For paths of sight at zenith angles 9=0 to 70° and
110 to 180°, the incremental path length is a simple func-
tion of the altitude increment and the zenith angle.

Ar = Az sect (2.18)

When used for all paths of sight, this is called the plane
parallel atmosphere approximation. The Ar is always
non-negative since z is defined as z,—z, (the subscripts
increase with the flux direction). See Fig. 2-1.

Fig. 2<1, Path length geometry for steeply inclined patiis of sight.

For upward-looking paths of sight from 70 to 90
degrees, the Ar for a constant Az is significantly shorter at
altitude than at ground level due to the curvature of the
carth. For paths of sight at zenith angles from 90 to 110
degrees, the Ar for a constant Az Is significantly longer at
ground level than at altitude aiso due to the curvature of
the earth. Therefore, for these paths of sight, the incre.
mental path length Ar is computed from

A= [ 1= { n(2) Q+o)sing / [n(z) (g+2)1 ) ]’* az. (2.19)

This is the classical equation for computing incremental
path length at paths of sight affected by earth curvature
and refraction. The n(z) is the refractive index, z Is the
sensor or observer altitude, { is the radius of the earth.
Use of the mean earth radius of 6.371229E6 meters
results in & maximum error at the equator of -0.1 percent
and at the pole of +0.2 percent. See Fig. 2-2 for the rela-
tionship of @ and 9" for the downward (and upward) paths
of sight and see Duntley etal. (1976) Section 2 for a
derivation of Eq. (2.19).

Z

C+Z'

Fig. 2.2, Path length geometry for grazing downward paths of
sight in refractive spherical atmospheres. For upward-looking
paths of sight the positions zand 2, and 6 and 6” should be
raversed.
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2.2 Irradiance

Before deriving the equation of transfer for irradi-
ance, let us first define irradiance and some other terms.
The downwelling irradiance E(z,d) is the integral of the
radiances from zenith angles 0 to 90 degrees weighted by
the cosine of the zenith angle

Ez.d) = J Liz.0¢") cos' dA) . (2.20)

.- Similarly the upwelling irradiance £(z,u) is computed for
- . angles 90 to 180 degrees by weighting by the cosine of the
" nadir angle (180-0) so that the cosine is positive. These

are the irradiances on a flat surface oriented to receive the

R ‘downward and upward radiances respectively.

. A second typs of irradiance is the scalar or non-

-.directional irradiance in which the cosine term is not
‘prosent. The total scalar irradiance ¢(z) is defined as

“aly) = J Li2.6.8)d0 . (2.21)
{ 4

“The total scalar irradiance is equivalent to the Chan.

drasekhar (1960) average intensity J times 4. The scalar

. irradiance is related to the incoming radiant density w by

w=e(2)/c, (2.22)

where ¢ is the speed of light.

Exitance (emiitance) M is cefined with the cosine
term similar to the irradiance in Eq. (2.20). Let us define
a second type of exitance (emittance) as the scalar or
non-directional exitance in which the cosine term is not
present, The scalar exitance due to absorption m(A, T) is
defined as

mO.T) = LA T) J:m —arlOT). (229

The scalar exitance is related to the outgoing radiant den-
aity w(a, T) by

wA,T) = m\T)/c. (2.24)

Let us also define another scalar term, scalar exi-
tance per length m,. This is the unweighted integral over
4w of the path function

m(s) = f L (z.0.6)d0) . (2.25)

RGO SIS T iAW ,‘ R TR LR R O O SR

4.

When the path function due 10 scaitering is
integrated over 4 it can be expressed as a double integral
by substituting in Eq. (2.4)

m.‘(z)-[.[I.(:.H’.«b')u(z.ﬁ')d(l'dﬂ. (2.26)

Now since the order of integration is unimportant over the
double integral, the relationships in Eq. (2.6) and (2.21)
can be substituted so that we have the scalar exitance per
length due to scattering as

m, (2) = s(2) «(2) . (2.27)
3

Since the path function due to absorption is isotro-
pic the scalar exitance due to absorption is

m, () = a()LNT) 4r (2.28)

or

m,, (2) = al2)m\. 7). (2.29)

Equation of Transfer for !rr;&igngg

The equation of transfor for radiance can be used to
obtain an equation of transfer for irradiance by Intograting
over 4m. First let us rewrite Eq. (2.1) in terms of the
separate components of absorption, scattering, and emils-
sion and express the incremental path length in terms of
Eq. (2.18) thus

dL(z,0.0)co80/dz = — a(2)L(2,0.9)

- s(z)L(2,0,0) + L.,(z.ﬂ.da) +L,, (. (230

Now multiplying both sides by df) and expressing hoth
sides as an integral over 41 we get

d [ L(2.0.0)cos0d ) / ds =
-alz) [ Lz.0.8)d0 - s(2) [ L(z.0.8)d0)

+ J‘L.,(z.e.d.)dn + Ly (2) !'dn : (2.31)
" T

This can be simplified using Eqs. (2.20), (2.21), (2.27)

and (2.29) to become
dlEGd) - EGu)) [dz =
~ al2)e(z) — s(2)a(s) + 5(s)e(2) + az)mA, ) .(2.32)
This further simplifies to

dlE(Gz,d) — EGu))/dz » —a(2)e(z) + alz) m(AT). (2,33
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This is the equation for the net irradiance
E(2.d)—-E(z,u) change with altitude. Let us define ¢(2)
as the net irradiance

€2) m E(z.d) - E(2.u) . (2.39)

Equation (2.33) can now be rewritten as

deGVdz = a()m,T) - «(2)) (2.3

. The'net irradlance ¢(z) is equivalent to the Chandrasekhar
i+ (1960):net flux wF. .~

" Visidle Spectrim, In the visible spectrum where

"L\ T).and hence m(r,7) are negligible, Eq. (2.35) can

be written as (Eq. 10 Section 1.2 Preisendorfer (1976)

. since’ the: altitude. 2 is the negative of the depth into the
- modium)

de(a) /dz = —alz)els) . (2.26)

'l"hi net irradiance either stays constant with altitude indi-

cating no absorption, or decreases as depth into the atmo-
sphere Increases. This can be and is being used as a test

L _for the internal consistency of visible spectrum data when

measured at-a series of aititudes over a period of several
hours.

From Eq. (2.36) we also see that in a purel scatter-
ing atmosphere there would be no change in net irradiance

) '\v_lth altitude.

An alternate expression is derivable from Eq. (2.30)
if wa first multiply both sides by secé as well as d0) and

" then‘integrate. Thus

d [ LGo$)dn/&
14
- a(r)[l.(:.o.d)modn - 3(2) IL(:.O,‘)mad(l
L 4 »

+JLo e 0mcodn + Lo (o) fucoan . 237

Agsin the middle two terms on the right hand side cancel
each other out since the order of integration is not impor-
tant in a double integral

s(2) [ L(2,0,0) yec6d )
{ 4

- [ [ L(2.0'¢)o(2,8)d ) secod} . (2.38)
" 4%

Also

.....
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[u'('ml(l (. (2.39)

since sec{mw—#) = —~sech. Thus the fourth term also drops
out. Now Eq. (2.37) can be written in terms of the
change in scalar irradiance with altitude as

de(2)/dz = ~a(2) [L(z.ﬁm).tm‘#d(l . (2.40)
”

Thus the change in scalar irradiance with altitude is solely
a function of absorption and the radiance distribution.
The scattering and the path functions due to scatiering and
absorption do not effect the change in scalar irradiance at
any wavelength including the infrared wavelengths.
Therefore, when there is no absorption the total scalar
irradiance does not change with altitude.

An alternate way of expressing Eq. (2.40) is to
separate out the sun term and to express the more diffuse
radiances as a radlance difference, sky minus terrain thus

de(1)/dz = - alz),e(2)sech,
-al2) J' [L(28'0") = Liz,7 - 6'0))seco' d) , (2.41)
]

where ,e(z) is the sun scalar irradiance. Equation (2.41)
appears indeterminant because secé goes to infinity at 90
degrees. However, since the radiance dilTerence
L(z,0)~L(z.7--0) goes to zero as secd goes to oo, the
equation is not indeterminant and can probably be
evaluated with measured radlance distributions.

It is useful at this point to speculate on the relative
importance of the two terms in Eq. (2.41). First, we nnte
that at the top of the atmosphere, the sky radlances (9 = 0
to 90 degrees) are zero so that the second term in the
equation iy positive and the loss due to absorption at all
wavelengths is less than due to the solar beam as you
begin to descend into the atmosphere.

Now, for additional insight into the two terms for
the visible spectrum, let us refer to our existing airborne
data on apparent sky and terrain radiances from ground
level to 6 kilometers. Figure 2-3 contains two graphs for
the AVIZ pseudo-photopic filter (sec Appendix A for sen-
sor spectral characteristics), one for high altitude, one for
low altitude, of measured sky and terrain radiances for
szimuths from the sun ¢ of 0, 90, 180 and 270 degrees.
These graphs are typical of terrains with albedos of
approximately 0.1. The sky radiances (¢ = 0 to 90
degrees) are generally less than the upparent terrain radi-
ances (6 = 90 to 180 degrees) at high altitude and gen.
erally greater than the terrain at low altitude. Thus at high
altitude the absorption loss or change in «(2) with altitude
is less than the absorption due to the solar beam at 6,,
term 1, since the second term is positive. At some inter-
mediate allitude the loss is equivalent to that due to the
solar beani since the second term in Eq. (2.41) becomes
zero. At low altitude the loss is greater than due to the
solar beam since the second term becomes negative.
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On the same fight, graphs for broud band filters 2
and 3 with mean wavelengths 478 and 664 nm, were simi.
lar but the broad band fiiter 5 mean wavelength 765 nm
with an albedo of 0.3, showed sky radiance lower than ter-
rain radiance at low altitude indicating the absorption loss

-..would be less than that indicated by the first term of
- Bq. (2.41) ut all altitudes. This may be typical of measure-
“ments for relatively high albedos and high transmittances.

‘Normalized functions have the convenient property
of always integrating to one. Thus from Eq. (2.6) we see

o uli_'a't' thé normalized scattering function is o (2,8)/s(2)
since

' f lo(s.8)/ 3(2)} dd = 1 . (2.42)
' L]

" similadly the normalized scattering path function from

EQ. (227) I8 Ly, (2,0,4)/(s(2)e(2)) since

- f:..,(:.o.o)dn/la(z).(.))-n. (2.43)
. - i} e

Whereas the normalized path function for a medium
which emits as well as scatters according to Egs. (2.27)
and (2.29) is

. £L.(x.0.¢)dn / 13@)e(a) + almO, 7)) = 1. (2.44)

Since the equilibrium radiance is the path function

- divided by the attenuation coefficient (Eq. 2.14) the nor-

malized equilibrium radiance for an emitting and scatter-
ing medium is

{L, (1,000 a(a)/ [s()e(a) + aIMO D] = 1. (249

The single scattering albedo w is defined as the ratio of the
scattering to the attenuation coefficient
w(z) = 5(z2)/aly) . (2.46)

The normalized eguilibrium radiance can be expressed in
terms of the single scattering albedo as

£L,(..o.¢) 40/ lo@e() + 1 = w@) M)} « 1. (247

Visible Spectrum. For the visible spectrum where
omission is negligible the integral of the equilibrium radi-
ance ulvided by the total scalar irradiance is equal to the
single acattering albedo

Jriaoo an /o -uin). (248)
»
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Thus when there is no absorption the equilibrium
radiance divided by the total scalur irradiance is the nor-
malized equilibrium radiance,

[Lq(:.w.aa) did [ ez = |, (2.49)
"

2.3 Integrating the Equation of Transfer

The equation of transfer for radiance Eq. (2.1) when
integrated over path length r yields (Eq. 1 Duntley er al.
(1957), Eq. ! Section .18 Preisendorfer (1976) and
Eq. 50 Chandrasekhar (1960))

L,(26,0) = L,(z,8.0) T,(2.0) + L'(z.0.8) . (2.50)

This equation relates the apparent radiance L,(z,8.¢) at
the sensor altitude 2 to the inherent radiance L, (z,.0.4) at
the target or object altitude z to the radiance transmit.
tance T,(z,0) and the path radiance L’(z,0,¢). The
transmittance is expressed as a function of 6 but not ¢
since transmittance i{s not azimuth dependent as Iong as
the attenuation coefficient is assumed lo be solely a func-
tion of altitude, /.., the attenuation coefficient Is isotropic
horizontally.

The radiance transmittance is defined as
T, (2.8) mexpl =1, (2)sect |, 2.51)

The 15,(z) is the optical thickness in the aititude {nterval
Az (3 to 2). The optical thickness is equal to the integral
of the attenuation coefficient from z to 2

l“(:)-fa(:)dz. (2.52)

4

The path radiance is the integral of the path func-
tion times the intervening transmittance (Duntley ef al.
(1957) Eq. (17))

LY2.6.6) = f L,(2,8.0) T, (z8)sec0dz  (2.53)
4]
where 7, is from 2, to z.
Horizontal Case
The path radiance for the horizontal case can be
expressed as

LY2.90.8) = L2 %08) [ T, 2904  (2.54)

since the path function is homogeneous horizontally if
the attenuation coefficient is horizonially isotropic. By
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multiplying the numerator and denominator by a(z) we
can integrate to get

L,(2.90,6) = L, (2.908)[1 - T,(2.90) / alz) (2.55)

or from Eq. (2.14)

L(2909) = L, (:.906) [1-7,90)].  (2.56)

This is the standard equation for the horizontal path of
sight which holds. for a scattering, absorbing and emitting
~medium which s horizontally homogeneous.

. Since the sky radiance is the path radiance from

.- .. -~ space-to-adrth, the horizon sKky radiance is

La(290.6) = L (2.908) (1 - Tu(2,90) . (257)

The transmittance from space-to-earth at zenith angle 6 is
a function of the vertical transmittance and the relative
optical alrmass m.(2,8)/m.(2,0). Thorefore

o (1.90)/ m (1.0}

f-(h”) - T.(.no) (2-58)

Alr Mans
The absolute optical airmass m..(2,0) is the mass of

an aircolumn of unit cross section which is the integral of
the denaity over the path length from altitude z to oo

Mo (1.0) = f ox)dr . (2.59)
2

The relative optical airmass is the ratio of the airmass at
some angle ¢ to tho vertical airmuss Ma(2,0)/mu(2,0). In
computations of the oplicsl air mass, the incremental path
length A» is computed using Eq. (2.19) which takes into
aocount both the curvature of the earth and refraction.
For the computations herein the mean earth radius was
used.

The aquare of the refractive index is expressed as a
function of the density ratio by Kasten (1965)

n@)/ n(2))? = 1 + 2[na) - 1}1 = pls) / p(2)) £2.60)

To a good approximeation, the refractive index can be
expressed as a function of density as

(n(e) = 1)/ pl2) = [n(0) -~ 1) / p(0) . Q.61)

Substituting Bq. (2.61) into Eq. (2.6") we get an equation
in terms of the refractive index at sea level as follows:

L PR P P O B o R T P i B A PRV N e B

[nt2)/ n(z))?

= 1+2[n(0) = 1Hp(2)/p(0) = p(z) / p(O)) . (2.62)

The refractive index is determined using the disper-
sion formula of Edlen (1953) for the refractive modulus
N{(0) at 15 degrees Celsius sea level appropriate for & den-
sity of 1.2250 kg m~* (the standard atmosphere sea level
density),

N(0) = 64.328 + 29498.10/ (146 — 1/\D)

+ 25540/ (41 - 1/AD), (2.63)
where A is in um. The refractive modulus Is related to
the index of refraction by
N(O) = [n(0) - 1)1E6 . (2.64)
Computations of relative airmass were made for sea
level and 6 kilometers altitude using density values based
on the U. S. Standard Atmosphere (1976) and the warmest
and coldest supplementary atmospheres in the U. S, Stuan-
dard Atmosphere Supplements (1966). The density at each
altitude was obtained by truncated Chebyshev expansion
using coefficients for the atmospheres bstwsen 0 and 80
kilometers U. S. Standard Atmosphere Supplements (1966)
Tables 4.2, 4.3, 4.6, and 4.11). Computations for the
standard atmosphere for 0 to 200 kilometers agreed within
1 percent with the results for 0 to 80 kilometers, therefore
the results reported in Table 2.1 are for O to 80 kilometers
for all three atmospheres.

The computations were made for a wavelength of
700 nanometers. Gast er al. (1965) indicate less than a 1
percent change in relative air mass for even a 90 degree
zonith angle for wavelengths from 300 to 3000 nanome-
ters. The values in Table 2.1 for the standard atmosphere
at sea level agree within 0.1 percent of the Gast eral
(1965) values for 700 nanometers except at 90 degrees
where they ugree within 0.9 percent,

Table 2.1 presents values of relative optical airmass
for angles 70 to 90 degrees. From 0 to 70 degrees, the
relative airmass is equal 10 secé within 1 percent. The 4§
degree North Spring/Full values are appropriate for the
U. S. Standard Atmosphere (1976). For purposes of com-
parison, the values for Bemporad from Gast eral. (1965)
are glven in Column 2 and for Kasten (1965) in Column
3. Bemporad assumed a sea lovel temperature of 0
degrees Celsius and a wavelength of 540 nanometers.
Kasten used the ARDC (1959) densities which are essen-
tially equivalent to the U. S. Standard Atmosphere (1976)
and & wavelength of 700 nanometers.

Our computations compare well to the Kasten
(1965) values except at zenith angle 90 degrees. Since his
90 degree value is also at odds with the Gast eral. (1965)
values, his 90 degree approximation technique rnay be
inadequate (there are special computational problems at 90
degrees). Bemporad's values lie as expected batween the
45 degree Spring/Fall values and the 60 degree North
(cold) values as does his ground level temperature.
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Table 2.1. Relative optical air mass.

Sentot at Sea Level ]l Sensor ut § Kilometers
Salrcted M (0.8)/m (0.0°) m (6,80 /m_(6.0%)
Zanith T . .
Angles —T
a : : From Std. Aimos 1976 From Sid Aimoy 1976
(dogroes; || Bemporsd | Kmaten | 3N | 45N | N ([N aeN | N
July | Speing/Fall ' Jun (cold) || duly | Spting/ Fali ' Jan (cold)
T
) 2.904 1902 | 3.900 2902 2.90) 2.902 1.90) 2504
” )0 bR 1] 1.000 EX )] s m bR 1} 3
» (Xy) 4089 | 4.088 4068 4074 4.069 4072 4074
” (%1 4364 | 4)00 4364 LR 4.3 4380 “n
n 4N 4707 | 4702 4707 4N 410 42 418
» .12 5.109 | s.102 5108 S1e 5.0 118 5120
| $.60 8588 | 8878 5544 5.508 5.507 1.59) §.600
L[] “n 6158 | 4148 [} .17 6.161 6.169 6178
n “ 6089 | 6041 6047 (¥ [ }] 6.362 607 .00
[} wn M1 1108 bALM] bA] .99 1.738 mm
" L% 8851 | 4814 (XL} $.90) .89 (X1 0.908
[ 1] 10.3 16322 | 10.2¢8 10310 10.402 10.34 10312 10.411
“ 1.4 12327 | 1224 12920 12.48¢ 12.248 12411 1247
” 15.3 15,100 | 15017 15.167 15.418 1.2 18350 15.44]
" 9.7 19.400 [ 19188 19.436 19.940 19.506 19.738 199N
» .9 .18 | 38604 16.260 27.481 R 1) 947 17.408
"s L0 { 30437 31.208 N30 | .7 32.348 3138
L] n1 36248 | M337 311.7% 41089 || 37904 0.9 40.533

In order to evaluate tho effect of sensor altitude on
the relative air mass, the 6 kilometer values are divided by
the sca level values and the ratio given in Table 2.2 for 86
to 90 degrees. The relative airmass values agree for 6
kilometers with the sea level values within 1 percent from
70 10 B6 degrees rogardioss of temperature. The largest
altitude difference is +4.1 percent for the U.S. Standard
Atmosphore at 90 degrees zenith angle. Altitude affects
the relative airmass less than | percent for the coldest

atmosphere except at 90 degrees (the temperature
difference 0 to 6 kilometers is also smallest for the 60
degree North {(cold) atmosphere).

The effect of temperature on the relative airmass is
evaluated by ratioing the warmer and colder atmosphere
values to the Standard Atmosphere values at 45 degrees
North in Table 2.2. The effect of temperature is generally
greater than the effect of sensor altitude. Also the effect
of temperature is greater at sea level than at 6 kilometers.

Table 2.2. Altitude and temperature effects upon relative optical airmass.

e

un ALTITUDR BFFICTS TEMPERATURE EFFECTS
Fanith *6km to Sea-Lavei® Ratios *Warm-Cold to Standard* Retios
g‘ » . « %24 Lovel ¢ Kilomelera
(degross) July. Soting/ Ml Jan (cold) ON/ASN [ G0°N/4SN | JO°N/WS*N | 60°N/4S*N
1.009 1.007 1001 k)] 1o W 1.008
" 1013 1012 1.001 (] 1o1? L7 1.007
" 1.018 1.016 1.002 " 1.020 w 1.01¢
» 1.07 1.0 1.000 m 1.048 " 1.013
”"s 1.0} 1034 ”s m 1.088 m 1.02
0 1.0)? 1041 " " 1098 988 1.032
9.
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Horizon Sky Equilibrium Radiance

As can be seen from Eq. (2.57) when the transmit-
tance T..(2.90) is negligible, the horizon sky radiance is
equal to the equilibrium radiance. In order to determine
the minimum vertical transmittance necessary to produce
a horizon sky radiance at equilibrium let us rearrange
Eq. (2.58) us follows

In Twlz.0) = In Ta(2,90)/ [me(2,90)/ mu (2,00) . (2.65)

For 3 percent accuracy, Tw(z,90) would be 0.03, then
solving Eq. (2.85) using the relative airmass value for the
standard atmosphere, we find that 7'.(2,0) = 0.911. Thus
for all vertical transmittances 0.911 or less, the horizon

sky will be the equilibrium radiance to an accuracy of 3

percent or betier. The Rayleigh transmittance for a
wavelength of 555 nanometers for the Standard Atmo-
sphere is 0.910. Thus for ail wavelengths 555 nanometers
or smaller, the horizon sky radiance will always be equal
to the equilibrium radiance at sea level. Since the photo-

" pic has bean found to be similar to the narrow band meas-

urements at 555 nanometers, ihe photoplc horizon sky
radiance at sea level is also «Iway: reasonably equa’ to the
equilibrium radiance for non...nucty days.

“The Rayleigh horizontal transmittance at 6 kilome-
ters can be related to the vertical sea level transmittunce
by

0)" 690/ m o 00)

2 Tea(6.90) = 5 T (0, (2.66)

Values of absolute vertical alrmans, and relative vertical
airmass for sea level and 6 kilometers are given in Table
2.3 for tho same three atmospheres as in Table 2.1. Since

my.(6,90)/m,(0,0) » ':',,.(166.,9:5) : #0!%)07)' '

We now have the basis for evaluating Eq. (2.66).
Using an equation similar 10 Bq. (2.65), we can now
svaluate the vertical Rayleigh sea level transmittance
necessary to produce a horizon sky radiance at 6 kilome-
ters equal to the equilibrium radiance to an accuracy of 3

(2.67

---------------

-----------------

percent. This turns oul 10 be T.(0,0) = 0.826. Since the
Rayleigh transmittance for 465 nanometers wavelength for
the Standard Atmosphere is 0.823, the horizon sky radi-
ances at 6 kilometers for wavelengths 465 nanometers or
less wiil always be at equilibrium in cloudless skies.

2.4 Integrating the Equation of Transfer
for Irradiance

The equation of transfer for irradiance Eq. (2.35)
can be rearranged so thut both sides can be integraled with
respect to altitude. The limits of integration are between
2, and 2 us we descend into the atmosphere so that 2, is
greater than 2,

[y
fde(z)-fa(:)lm.r)—.(.-)]d:. (2.68)
1)

¢ (4 ’ﬂ

The left hand lerm is easily integrated but the right hand
term is not. Partlally integrated Eq. (2.68) becomes

£() - €(z,) -fa(z)[m(a.r) -d2))d . (2.69)

T

roximate Solution

A reasonable approximation to the integration can
be obtained If we assume that the change in the difference
( m(A, 7)-e¢(2) ) is small enough from 2z, to 7 such that
an average value [ m(\,T)—«(d2) ) can be substituted.
Substituting in the average scalar irradiunce and exitance
difference which can now be taken out of the integral we
get

$a) = ¢z) = (MmO = ea2) ) fa(z)dx . (2.70)
'0

The integral of the absorption with altitude is the optical
thickness due to absorption .15, (2) therefore

€2) - €)= 40, @) [ mINTY = e(@2Y ). (2.7D)

Table 2.3. Temporal and latitudinal comparisons of vertical optical airmass.

Latitude ABSOLUTE AIR MASS RELATIVE AINMASS
and at S04 Lavel st Okm Altitude Ratio
Saascn (0,09 kg/m? me, (6.0% Ag/m? Mgy (6,0)/m o, (0,09
W*N
Ay 10373484 5.054298) “n
W'N ]
Soring/ Pl 1.0356684 4004798) 410
‘:ﬂ" 1.00443984 ¢ 58196K) 10

*The nolation B4 1s equivalent 1o 104




The error in the resultant optical thickness is probably less
than the variability of the difference {m(A, 7)~¢(2)] from
the average value. This is an approximale equation for
the net irradiance change with altitude.

An expression for the absorption optical thickness
can be obtained by rearranging Eq. (2.71)
otas = €@ = ¢G) )/ I mNTY =ea) ). (2.72)

Thus if one has a measure of ambient temperature and

- downwelling, upwelling and scalar irradiance at two alti-

tudés z, and z where z, is greater than 2z, the absorption
optical thickness can be obtained.

No Absorpiion, When there is no absorption and
hence no emission, Eq. (2.71) becomes

() - §(z) =0 2.73)
or substituting in Eq. (2.34)
EG,d) - E(u) = E(zyod) ~ EGpu) . (2.74)

Whaen there is no absorption the net irradiance does not
change with altitude.

The albedo A(z) is defined as the ratio of the
upwelling to the downwelling irradiance,

Alg) » Bz 1)/ E(x d) . (2.7%)

Substituting Eq. (2.78) into Eq. (2.74) we get an expres-
sion in terms of downwelling irradiance and the albedo

Gt - A)) = EGp )1 = 4G)) . (2.76)

Thus the apparent albedo change with altitude is directly
linked to the downwelling irradlance change with altitude
when there (s no absorption.

The albedo out-of-the-atmosphere A (0) can be
computed when the albedo and the downwelling irradiance
at altitude 2 are known since the downwelling irradiance
out of the atmoaphere is the solar scalar irradiance ,e ()
times the cosine of the sun zenith angle

E(oo,d) = ,a(ws)cond, . 217

Substituting Eq. (2.77) into Eq. (2.76) and rearranging we
got

Ace) = | = E(2,0)[1 = A(D)] / [,ate0)cos8,} . (2.78)

For example, if wo assume the photopic clear day to
have negligible absorption, we can use the illuminances

............

from Brown (1952) to compute the albedo out of the
almosphere assuming various albedos st ground level.
Using ,e{oc) = 1.8953 W/m¥um and the Brown (1952)
illuminances converted to irradiance in the same units
(see Appendix A for details on the photopic as a broad-
band sensor), the results arc shown in Table 2.4 and Fig.
2-4 for various ground level albedos. Ground level albedo
A(0) equal 10 0.1 is probably the most reasonable in rela-
tion to the Brown (1952) illuminances.

Table 2.4. Albedo out-of-the-atmosphere for u non-ubsorbing
atmosphere based on Brown (1952) and Eq. (2.78).

Sun Downwelling || ALBEIX) OUT.OF-THE- ATMOSPHERE, A {ce)
z'ﬂllh I"ldllﬂt‘c T T e e e e =
Angle fram Selevied CGround Albeyos, A(0)

“ Brown (320 1y o) 0.2 Ut ) 10

{degrens) (WImium) : : l
0 1.70E) 0101 | 019 | 0280 | 08 | o

) 117K 0192 | 0273 | o03s4 | omw | 10

0 64TE2 0315 | 08¢ | 0452 | o) | 10

0 181K 0.840 | 0.35¢ L 06)2 | 0% | 10

=

Ll M 1 ! Ll

Ground Lc:’i"ib:d,“.”' ]
wsnns 80

T ¥ [‘rj L)
]

|

ALBEDO OUT-OF-THE-ATMOSPHERF. A ()
5 3
1 I i

0
0 20 40 60 %0
SUN ZENITH ANGLE (Degrees)

Fig. 2-4. Albedo out-of-the-atmosphere for a non-ubsorbing
simosphere, based upon Brown (1952) and Eq.(2.78).

Integrating for Scalar Irradiance

The equation of transfer for scalar irradiance
Eq. 2.40 can be integrated by first dividing both sides by
«(z). Now multiplying by d z and integrating from 2, 10 2
where z, is greater than z as we descend into the atmo-
sphere,

“w L(2,8,6)
fd.(:)/.(z) - -fa(z)[——‘ B secaatian . (2.79)
) " » «"z
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Again the left hand term is easily integrated but the right
hand is not. Let us define a function D(z) which is a
semi-normalized function of the 4= radiance distribution
at altitude z

D(z) -Jl.(:.o.d:)secod() / «(2) . (2.80)
L4

The D(2) is the unitless weighting function for the
integral of absorption with altitude as it affects the change
of scalar irradiance with altitude. An alternate way of
exprossing Eq. (2.80) is to separate out the sun term and
to oxpress the more diffuse radiances as & radiance

. difference, sky minus terrain as in Eq. (2.41)

D(r) = 30c, e(2)/e(2)
+J'I_L(x.0'.6') = LGm =08 swcadnl / «(2) .(281)
»

: The first term s exact but the second term at large
zenith angles becomes an approximation since secd’
becomes very large near 90 degrecs. Fortunately, at 90
degrees, AL i 2ero.

Now substituting Eq. (2.80) Into Eq. (2.79) and

- integrating the lefthand side we get

In [e(2)/e(z,)} = -fa(l)D(x)d . (2.82)

This is the partially integrated equation for the change of

- scalar:irradiance with altitude.

Approximate Solution. A ressonable approximation
10 the Integration can be obtsined if we assume that the

change in D(z) is small between z, and z so that an aver-

ago value D(Az) can be substituted

In le(2)/a(z,)] = =D(a2) fa(z)ch . (2.83)
1

or In terms of the absorption optical thickness

In le(2)/a(z,)) = =D(A2) g1,,(0) . (2.84)

The error in the resultant optical thickness is again prob-
ably less than the variability of the D(z) from the average.
This is an approximate solution for the change of scalar
irradiance with altitude.

In order to obtain a measure of absorption optical
thickness between two altitudes, we would rearrange
Eq. (2.84) thus

olas®) =inlez,) / o0}/ Ba2) . (2.85)

Wt
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Equation (2.85) indicates that one needs a8 measure-
ment of the 4+ radiance distribution at both altitudes in
order to compute the scalar irradiance and the radiance
distribution function D(z).

Water as a Scattering and Absorbing Medium. As an
interesting and illustrative aside, one may consider the
application of the foregoing equations within the hydrolog-
ical context. Although the principal emission mechanism
in water is thermal there is also bioluminescence.
Bioluminescence is essentially chemiluminescence, that Is,
energy from chemical reaction instituted by biological
organisms. It is also isotropic. Thus in water the total
emittance path function is L.'(d)-L.n(d)+L.b(d). In

water the radiances are denoted in terms of the depth 4
beneath the water surface rather than the height above the
sea floor z. Since the path function due to biolumines-
cence is isotropic, the equation of transfer for scalar irradi-
ance Eq. (2.40) is appropriate for water whether
bioluminescence is present or not. On the other hand, the
equation of transfer for irradiance Eq. (2.35) only applies
to water when bioluminescence is not present, otherwise,
a bioluminescent term must be added. Also in the visible
spectrum in water, thermal emission is negligible as it is in
the troposphere. In water, below a certain depth d; the
light distribution becomes asymptotic, with the sun no
longer a separate component. Thus the function D(d))
which is solely a function of the lighting distribution
becomes a constant and can be expressed us the right
hand term of Eq. (2.81)

D(dy)
- J[L(d,,o’.qs') w L{dym = 84" ] sec@'d) [ «(d)).(2.86)
Also at depth d; and below, absorption Is constant.

Therefore the equation of transfer for scalar irradiance
Eq. (2.79) becomes

ry
Yf de(d)/e(d) » ~a D(d,)]~ dad . (2.37)
od) LA

This is easily integrated with depth to become

In le(d)/a(dy)) =~ a Dld)(d~d,),  (2.88)

where d, must be at or below d, the depth at which the
lighting distribution becomes asymptotic.

In water, the constant k is defined as [Eq. 7 Section
1.2 Vol. I Preisendorfer (1976))

Inle(d)/a(d,)) = ~k(d~d,) . (2.89)

Therefore Eq. (2.88) together with Eq. (2.89) give us an
equation for k in terms of the absorption a and the
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asymptotic lighting distribution function D defined by
Eq. (2.86),

k = aD(d)) . (2.90)

Thus, having noted the conceptual similarities between the
hydrosphere and atmosphere, our discussion returns to
the subject at hand, the atmosphere as a radiative transfer
medium.

Discussion

Equations (2.71) and (2.84) which describe net irra-
diance and scalar irradiance are essentially three dimen-
sional. They address the effect of absorption over an area
as well as vertically. They do not assume homogeneity
but they do assume a relatively small change in
m{x, T)~«(2), and D(z) over the altitude interval. Thus
clouds may be present and the equations can still be valid.
The equations assume z, is vertically above z and describe
a single point in time.

When there are clouds in the altitude increment Az,
Eq. (2.85) should indicate absorption. This is an absorp-
tion based on the 4= lighting distribution. Thus, even if
there is no absorption in the direction of the sun, the
presence of clouds will affect the 4« lighting distribution
and absorption should be indicated.

We now have iwo equations Eq. (2.72) and (2.84)
to obtain the absorption optical thickness, Therefore it
should be possible to use them simultaneously us a check
on the efficacy of the approximate solutions, that is

dlar@ = 14G) = ¢z 1/ [ MmO —a@2) ]
=ln [e(z) / «(2)) / D(a2) . (291)

Visible Spectrum. In the visible spectrum, the emis-
sion is negligible therefore Eq. (2.91) simplifies to

alar(8) = [8Gz,)-8(2)) / ¥(42)
=In {e(z,) / ()] / DlaD) . (2.92)

The above equations are monochromatic. They are,
however, reasonable engineering approximations for a
broadband scnsor when the absorption is primarily in
broadband continua or due to the suspended particles or
water droplets and not line or band spectra. This holds
reasonably woll in the atmosphere in the visible portion of
the spectrum.

To test Eq. (2.92) and to get an understanding of
the lighting distribution function D(z), we used the sky
and terrain radiances measured for Filter 2 mean
wavelength 478 nanometers on flight C-466 in Moppen,
Germany on 15 August 1978 during project OPAQUE V
described in Johnson and Gordon (1980). The altitude 2,
was chosen as the highest altitude flown 6 kilometers and
the z used was for the lowest altitude flown 0.2 kilome-
ters. Thus Az equals 5.8 kilometers. The sun was unob-

scured at both altitudes but there were scattered cirrus
clouds.

The first step was to correct the scanner data in the
region 0 to 25 degrees scattering angle from the sun.
Recent scanner tests indicate spurious sun reflection in sky
radiance measurcments near the sun. The method used
was similar to the Barteneva (1960) method for extrapo-
lating the volume scattering function near scattering angle
0 degrees. We assumed log sky radiance al each zenith
angle to be linear with cosg from O to 30 degrees. The
slope of the line was established by the values near 30
degrees scattering angle,

The next step was to obtain a measure of radiance
transmittance appropriate for the unobscured sun. This
was done using the solar almucantar sky radiances in a
method described later in Section 4.6.

As a check, the resultant computed downwelling
irradiances were compared to the irradiometer measure-
ments. The irradiances computed from the sky-terrain
scanner measurements are given in Table 2.5 together
with the ratios to the irradiometer values. The computed
downwelling irradiances compare as well or better than
the upwelling irradiances and thus the corrected sky radi-
ances were considered reasonable.

For computing the radiance distribution function
D(2), Eq. (2.81) was rewritten as

D(z) = sec; (a(2)/e(2)
”,
+2n f {L(2,8) — Lz,m ~ 6))seco’dd’ / «(2) . (2.93)
0

The average radiance L(2,0) for each zenith angle was
computed by summing the radiances for ali 60 azimuths
and dividing by 60. The resultant average radiance
differences L (z,8')—L (2,7 —6") are graphed in Fig. 25.

The computations of the distribution function D(2)
using Ey. (2.93) are given in Table 2.6. Note that the
second or sky-terrain terrn {s relatively small (23 percent
of the total) at high altitude but more than half the total at
low altitude.

The evaluation of Eq. (2.92) is also shown in
Table 2.6 together with the average absorption optical
thickness based on an average of the values using the two
methods. The average differs from the individual evalua-
tions by =9 percent. This compares well to the estimate
of error for each value. The estimated error for
Eq. (2.72) is =8 percent based on the variability of the
difference [m (A, T)—e(z)] from the average. Whereas the
estimated error for Eq. (2.85) is 14.7% based on the varia-
bility of D(Az) from the average value.

The resultant absorption optical thickness probably
errs on the high side since no attempt was made to correct
for the small sun zenith angle change between the meus-
urements at 6 kilometers and 0.2 kilometers.

The above is too small a sample to validate the
method but is encouraging enough to indicate further
development might prove fruitful.
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filter 2 A = 478am.

Table 2.5a. Computed sczlur irradiances for flight C-466,

COMPUTED SCALAR IRRADIANCES ¢ w/nlzplﬁl) i
]
| TS e e VR . .

SPECIFIC ] Average ' Change
IRRADIANCE . Over | hver
COMPONENT Albkm | AU2km Alltude | Alutude ‘

€6} el a2 Inje{zgeta |
Sun e(2) 179 113 |
R Sky dt(:.d) n (3}
Upwaolling ¢ (3.4} 424 Y
Towl ¢(2) 2558 ik | 2368 1608
Albedo ,4 1% 19 |

filter 2, A = 478 nm.

Table 2.5b. Computed flat plate irradiances for Night C-466,

COMPUTED FLAT PLATE IRRADIANCES (W/m3um)
SPECIFIC
IRRADIANCE COMPONENT AL 6 km &1(6) AL 2km E(D)
Calculated from Scanner Calculated from Scanner
Sun ,E(t) 1389 87
Sky g€tz ) 4 380
Totut Downwelling £ (2.4} 147} 137
Tolal Upwalling K{z.u) 197 n”
Albado, Al2) 17 089
Net §(2) 1288 1060
Calculated Measuted Ratios
Downwelling (Scan/lrrsd) 1.04 1.02
Upwelling ($can/Iread) 09 1
Table 2.6a. Lighting distribution function D(2) from Eq. (2.93). Table 2.6b. Comparison of sbsorption
flight C-466, filter 2, A = 478 nm, optical thickness determinations.
Spcifio DISTRIBUTION FUNCTION D(z) Compated Absorption
Distribution At 6km Av.2km Computationsl Optical Thickiess
Component D{6) D) Procedute JMep(d
Sun 0.928 0.751
From Net lrradisnce
Sky-Terrain 0.374 0.865 Eq. (172) 00954
Tou! 1202 1616 From Scalar Irradiance
Eq. (289) o4l
Average Dias) 1.409 §
Aversge Value 0.1048
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RADIANCE DIFFERENCE

C(zo)-L(z.x—0) [W/i2m?um]

-‘0 e L

0 15 30 45 60 75 90

ZENITH ANGLE, 6. (Degrees)

Rg. 2-8. ‘Aversge radiance difference L(z,0)-L(z,m-0) for
fight C-466, filter 2 (A = 478 nm),

Earth Curvature Effects

The above equations were developed for a plane
parallel atmosphere. Relraction and ecarth curvature
effects were ignored. However, for upward and downward
paths of sight between 6 kilometers and ground level, the
incremontal path length Ay is affected to a significant
extent by earth curvature and refraction for the longer
slant paths of sight. For these paths of sight, the incre-
mental path length Ar is computed from Eq. (2.19).

As Indicated earlier, the Ar for a constant Az Is
shorter at altitude than at ground leve! for upward paths at
zenith angles greater than 70 degrees, and longer at
ground level than at altitude for downward paths of sight
loss than 110 degrees in zenith angle. The ratio of the
Incremental path length at ground level and 6 kilometers
for these paths is given in Table 2.7. The Ar values wers
computed from Eq. (2.19) for a refractive index appropri-
ate for a waveiength of 700 nm and standard atmosphere
densities. ‘There is no ratio for zenith angles 92 and 91
degrees since at these angles the path of sight does not
intersect the surface of the earth due to earth curvature.

The Ar at the sensor position is equivalent to sec6.
It is the Ar at the beginning of the flux path that departs
from secd by the ratios indicated in Table 2.7. These
ratios indicate the maximum error in using secé for these

Table 2.7. Ratio of incremental path length Ar(5)/Ar(2) (or
Az = 30 meter increments for both upward and downwird paths
of sight between ground level (2 =0) und 6 km (7 = 6).

Sy

[

I N | i
v Jenth v Upward l’.uhsl fenith 1 Downwarg Pulh\l

Angle af Sight 1 Angle ol Sight

" "

(degrnes) | 3r(6)/32(0) || (degrees) 3 (01 ar16)
) 994 no | 1.006
73 989 108 1.012 !
% 987 104 1.013
" 988 103 1.016
U] 982 102 1.019
” 99 101 1.022
80 978 100 1.027
8 .969 )] 1.034
[}] 964 98 1.044
[ 3] 950 97 1.089
8¢ 934 9% 1.083
LM 908 9 .17
36 866 9 1.228
7 192 93 1.869
L] 654
» N l

angles for paths between 0 and 6 km. The error Is less
than 3 percent for paths from 70 to 80 and 10M-to 110
degrees.

For paths from 80 to 100 degrees, it is appropriate
to compute the relative airmass to compare to secd. The
absolute airmass was computed using Eq. (2.59) integrat.
ing from 0 to 6 km. Values of relative airmass, and the
ratios to secd for selected zenith angles from 80 to 100
degrees are given in Table 2.8. Use of seco to obtain Ar
for a 6 kilometer altitude increment introduces an error of
+1.1 to +4.5 percent for 80 to 85 degrees zenith angle
and an error of -1.5 to -6.3 percent for 95 to 100 degrees.
This is small enough to be neglected. However, at 87
degrees the error is +11.6 percent and at 93 degrees the
error is -20.2 percent.

Checking back into the computations we found that
the contribution to D(z) at zenith angle 87.5 degrees is
large at high altitude, essentially all of the second term.
Whereas at low altitude the radiance difference at 87.5
degrees is less relative to the other zenith angles so that it
comprises only 18 percent of the second term or 10 per-
cent of the total. The contribution of the radiance
difference at 87.5 degrees is probably the most question.
able part of the evaluation of the distribution function
D(z). Thus the uncerteinly of D(6km) is on the order of
23 percent and of D{0.2km) is 10 percent.
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Table 2.8. Compatison of relative optical airmass, m, (z,8)/m, (z.0)
to secd (computed using Az = 30 meters for vertical path of 6 km).

AR

I UPWARD PATHS OF SIGHT . DOWNWARD PATHS OF SIGHT
. Zeanh “Z‘enilh ! B "
W] Angle Relative Angle Relative 4
3 fy Alrmaxs Ratio L Airmass Ratio 1)
! m, (0,6) m (5,0 . LS
b (ogeen) | o0 | T | Rl e || Ve | w0 | ST | Rl ooman :
Ay .
"} » %0 5959 | S04 1011 100 8759 | 5.4 985 o
. L] 11.474 10.982 1.045 98 11.474 12.244 937 ;
. 0 fislor | 12 1116 93 [19007] 2393 98 :
: .-,
R 3. SOLAR ALMUCANTAR The sun scalar irradiance and the transmittance can -
% be expressed as a function of the sun irradiance out of the )
3.1 Sky Radiance atmosphere ;e (o) as follows Ay
.' The almucantar is the part of the sky at a constant 1 f i
5 zenith angle, all azimuths. The solar almucantar is the sky €2)T. (2,0.) = .e(o0) exp [~ f a@dr- | a()dr).  (3.6) o
4 at the zenith angle of the sun 6,. The sky radiance in the STATI ST s Py A N
K solar almucantar is the path radlance out-of-the- y
¥ atmosphere to the sensor at aliitude z. The sky radiance The two integrals can be combined and expressed in terms '
can be expressed as of the limits oo to z which is equivalent to the total
transmittance, thus By
L; (:‘o,|¢) -f L.(Z,.O,M) T”(Z.O,)dr . (3.1) 3‘(‘[) Trl(zuos) - ’.(W) Tu(zyg_') - ,C(Z) . (3-7) :: ’
[ ) [
Now substituting into Eq. (3.5), the sun irradiance can be :
The path functlon LO(Z;91‘¢) can be expl‘essed ln ‘aken out of the intezral and we set . N

terras of a sun component, a sky-terrain component and
an emitted component

By
Fidxd

% Lo (2,0,,0)/,e(2) -I llaz,8) + C))dr. (3.8) :‘
; Ly(2,6,,0) = (e(2)o(2,8)
X The quantity in the square brackets is a function of :
+ _}: LG8'W)o(2.8)d+L, @) . (3.2 altitude and not of zenith angle, therefore
)
or f lez.8) + C()]ar N

L,(2,0,8) = «(2)o(2,8)
= (1m0 (2,8,)/ Mo (2,0}) f[cr(z.ﬁ) +C@))dz. (3.9

Ok

+ [ L(2.8'8)e(2,8)d0/ «(2)

+ L, ()/4e(2) . 3.3) where m.(2,0,)/m.(z2,0) is the relative optical airmass at L
a 6,. For altitudes up to 6 kilometers we can use the sea
level value for sun zenith angles 0 to 86 degrees so for

P ek

o
o 2

3 Let the last two terms be designated by the function C(z) convenience we will shorten this to m(9,). Substituting -
- such that back into Eq. (3.8) we get '
X |
; C(2) -J; L(24'.9)0(2,8)d0/,e(2) + Ly, @) ye(a) . 3.4) L(2.6,.8)/( e(2)m(8,)} -f (o(z2,8) + C(2)]uz . (3.10
N Sahstituting Eqgs. (3.3) and (3.4) into Eq. (3.1) we get The right hand term can be separated into two parts :f
-

b Le(2,0,.8) -f )T, 28)] 0.8 + Calar . (3.5) I[a(z.ﬁ) + C(z)]dz-_!:a(z.ﬁ)ak +f C(2)ds . (3.1

}
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Now let us define an optical thickness function 7.(z.8)
such that

Twl2.8) -f a(z.B)dz . (3.12)

The integral of the optical thickness function over 4= is
the optical thickness due to scattering ;. (2)

stal2) -J' ral(z,8)d0) (.13)

since the optical thickness due to scattering is the integral

of the total scattering coefficient with altitude

,f..(z)-fs(z)a. (3.14)
Substituting Eq. (3.12) into Eq. (3.10) we get

L (2,8,,0)/[,e(2)m(8,)] = r..(2,8) +f Cla)dz (3.15)

This is the basic equation for the radiance in the
solar almucantar and how it relates to the sun scalar irradi-
ance, the optical airmauss, the optical thickness function
and one additive component defined by Eq. (3.4).

3.2 Optical Stability

Transmittances from Solar or
Solar Almucantar Radiances

The atmosphere s considered to be optically stable
when the atmospheric transmittance does not change with
time. When the day is optically stable, measurements of
the apparent sun radiance , L.(2,4,,0) made over a large
range of sun zenith angle can yield a good measure of
total transmittance 7..(2,0) and the inherent sun radiance

1Ly (00)

Lu(2.0,,0) me (L (o0) T (2,0) . (3.16)
Taking the log of both sides of Eq. (3.16) we get
108 ¢ Lo(2,8,,0) = log (L (0) + m(8,) log Tua(2,.0) .  (3.17)

Graphs of apparent sun radiance on semi-log paper of log
apparent sun radiance versus airmass yield the typical
Langley (or Bouguer) graph where log inherent sun radi-
ance i8 the intercept and log transmittance Is the slope.

Variations of Eq. (3.15) give both another method
for obtaining the total transmittance and several ways of

o et
DA I
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checking the optical stability. Equation (3.15) can also be
writlen as

Lo (2.0 ) mis)

mig,]

= 7,(2.0) Sc(m)['rw(z.ﬁ) +f C)dz) . (3.18)

Taking the log of both sides we get

0§l L (2.8,,8)/m(8,)] = m(8,) 10§ T, (2,0) + logA (319

where

A = e()[r,(2,8) +f C()dz) . (3.20)

For an optically stable day, 4 should be constant for
a given angle from sun. Thus the sky radiance at a con-
stant 8 in the solar almucantar can be used to obtain the
beam transmittance when measured over a large range of
airmass values on an opticaily stable day. A semi-log
graph of log[L« (2,6,,8)/m(8,)] versus airmass would be
linear with a slope of log transmittance and an intercept at
logA. The transmittance obtained from the sun radiance
using Eq. (3.17) and the transmittance obtained from the
sky radiance in the solar almucantar are then averaged to
obtain the most accurate value.

Tashenov (1970) used this method with tneasure.
ments of the solar aureole to obtain spectral transmittance
in the region 410 to 735 nanometers.

Tests to Determine Optical Stability

Pyaskovskaya-Fesenkova (1970) outlines two tests
for optical stability as well as a unique equation for
transmittance which is valid only for optically stable days.

The first test is to graph for a constant scattering
angle the ratio L., (2,0,,8)/[;¢(z)m(8,)] versus m(8,).
As can be seen from Eq. (3.15), if the day Is optically
stable the right hand term is constant. Therefore this
graph should result in a horizontal straight line. That is,
for an optically stable day

L2(2.8,8)/1,e(z2)m8))] = B .21

where

B=t (2.8 + f Cl)dz . (3.22)

The second test for optical stability is to graph the
ratio L. (2,68,,8)/,¢(2) versus relative airmass for a con-
stant 8. The graph should result in a straight line going
through the origin on an opticelly stable day. To under-
stand this, Eq. (3.15) is rewritten in the form

.
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Lo (2.0,8)/6(2) = m,) B . (3.23)

The B is now the slope and the intercept is zelo.

If the day is optically stable a graph of solar almu-
cantar radiance at a constant scattering angle versus air-

" - ‘mass will yield a value of transmittance as follows. If we

write Eq. (3.21) in the form

mie,)

Lo(2,6,,8) » () T (2,07 m(b) B (3.24)

" and differentiate (only the sky radiance and the air mass

are variables, the inherent sun scalar irradiance, B and the

" transmittance are constant), we get

dLa (2.6,,8)

o)

- B e T (2,0 d MmO N1+mBI T (2,00 . (3.25)

. Equation (3.25) is only valid when the angle from sun is

conatant, the vertical transmittance from space to sensor is

constunt and the day s optically stable. Setting
dLa (2,0,,8) equal to zerc and rearranging we got
NTw(2,0) = ~1/m(e,) (3.26)

where 6, is the sun angle where L. (2,0,,8) Is a max-

. imum. Therefore a graph of solar almucantar radlance at
‘a constant angle from the sun versus airmass will increase

and then decrease with the maximum at m(8,) when the
day is opticslly stable. If the curve is reasonably well
defined with sufficient alrmass values, a reasonable
transmittunce value can be obtained. It can also be used
as a third test for optical stability. The values of transmit-
tanoe obtained by means of Eqs. (3.17), (3.19) and (3.26)
should be in agreement on an optically stable day.

Pyaskovskaya-Fesenkova (1970) descrives an instru-
ment for measuring the quantities in the preceding equa-
tions. It is essentially a radiance photometer with a three
degree fleld of view for the solar measurement. For the
aureole measure: nent a two degree to three degree circular
zone Is used. Her article also includes a theoretical test of
the error in obtaining transmittance from the sun radiance
when the aureole in the three degree fleld is necessarily a
part of the sun radiance measurement. She concluded the
error to be negligible.

3.3 Mathod of Determining Spurious Sun Reflectance

Pyaskovskuya-Fesenkova (1970) also indicates that
the two methods of checking for optical stability will
falsely indicate Instability if reflections in the radiometer
telescope are not negligible.

Conversely, once it is established that the day is opt-
jcally stable, the above tests for optical stability can be
used to test whether a sky radiance measurement contains

S A1 FRAAIC AN Sy T, SR ROCh A R T2 RA R R A A O R s TP I
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spurious sun reflection. Sky radiances near the sun are
difficult to measure unless the sun can be occulted. For
example, recent tests made with the C-130 sky scanning
photometer indicate spurious sun reflections in the meas-
urements at scattering angles 0 to 25 degrees from the
sun.

To illustrate the use of the above tests for optical
stability and to test for spurious sun reflections in a sky
radiance photometer, we will use a set of data containing
measurements with a solar transmissometer, a sky scanner
and an irradiometer. These measurements were made
from January to September 1964 from a platform on the
roof of one of the Visibility Laboratory buildings at Point
Loma. The solar transmissometer measured both the
center sun radiance and an aureole radiance 0.573 degrees
from the sun center. The general procedure was to make
a set of measurements at each 10 degrec increment of sun
zenith angle and at noon.

The photometers were fitted with four optical filters
so that there were two narrow flltered-sensor passbands
and two broad passbands. The two narrow passbands had
mean wavelengths of 459 and 661 nanometers, the photo-
pic passband had a mean wavelength of S60 nanometers,
and a fourth broad passband represented an unfiltered
sensor with a mean wavslength of 505 nanometers. Rela-
tive spectral response curves for these filters are given in
Appendix A.

A graph of the apparent center sun radiance as a
function of relative airmass for the afternoon of 2 Sep-
tember 1964 is given in Fig, 3-1. The straight lines for
each filter are the result of least squares fits to the data.
The correlation coefficients were high, equal to or graater
than 0.99 and the day iy apparently optically stable. The
least squares transmittances are noted on the graph.

10' T T T T T
MEAN 1
WAVELENGTH ]
SYMBOL (nm) Teo(0,0)

. 49 738
. 508 a8 T

' 560 821

. 661 866
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MEASURED APPARENT CENTER SUN RADIANCE
L(z0,¢) [WOmum]

A 1 l 1

] 1 2 3 4 5 6
RELATIVE OPTICAL AIRMASS, m(4,)

Fig. 3-1. Langley graph of measured apparent center sun radiance
for 2 September 1964.
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Solar Almucantar at 55 degrees

In order to be certain to have an almucantar sky
radiance tneasurement without sun reflection problems, an
angle from sun of 55 degrees was chosen. The sky
scanner data are for a fixed set of zenith angles and

almucantar radiance used is from interpolations to the
zenith angle of the sun and to the appropriate azimuth for

TeESRTRANYTR AR TN
MR

Since D(X) is a constant for a filter and 0, is constant for
any given day, the two tests can now be made using
Eqs. (3.28) and (3.30) instead of Egs. (3.21) and (3.23).

Fig. 3-3 coniains the appropriate graphs for the two
tests. Although not perfect, the data in Fig. 3-3a is rea-
sonably represented by a horizontal straight line. Simi-
larly, the data in Fig. 3-3b are reasonably represented by a
straight line going through the origin.

ool K__a s

}u’ azimuths (A9 and A¢ = 5.625 degrees). Therefore the
M
k

B equal to 55 degrees. The example is done for only

=e e SR

Filter | mean wavelength 459 nanometers. The :‘, "
" almucantar/m(0,) graph versus airmass (Eq. (3.19)) s i E N
| given in Fig. 3-2. The transmittance from the al:nucantar <3 x o
¥ " in 0756 compared to the tranamittance from thie center ve = K
e sun radiance of 0.738 thus there is only a 2.4 percent x &6 T T T — B
difference. The average 0.747 is considered the best g st TESTONE ] |
a measure of the transmittance if the day is opt:.ally stable. ) o A=d43%m | .
g o < EQ. (3.28) J
'm L A T T B E : J- . 1
R Ta (0,01 = 788 1 5 '\t 2 vev T
R . A= d489nm 3 = I 4
m L 1 L 1 L
- @ 0 1 2 3 4 5 6
L 5% N RELATIVE OPTICAL AIRMASS, m(4,)
. ge d
&
=

Fig. 3-3a. Graphs to test atmospheric optical stability {or 2 Sep-
tember 1964, filter 1 (A = 459 nm), Test One, Eq.(3.26),

L.(0, 8, 55"B8)/ m{(0,) (W/Qmlum)

RATIO OF ALMUCANTAR RADIANCE

@ 14
) T R R R R S A TESTTWO .
1 RELATIVE OPTICAL AIRMASS, m (6,) <yl K = ds9nm
' M. 32, Almucantar radiance to alrmass ratio vs relative optical x 10k i
; alrmass for 2 September 1964, ";.‘
i Now for the three tests for optical stablility. :Z‘ 8k -
- Although we do not have a measure of the solar scalar 55 j EQ. 3.30)
L irradiance ,a(0), we do have a center sun radiance >
; +L.+(0,9,,0) which is related to the scalar irradlance by g a o b
" a
; $00) = L (0.0,00D0)0,, (3.27 @ 4l .
g d
s where D(X) is the center to average sun radiance conver- & J d
g slon or limb darkening factor for the flter (see g =2 )
Appendix A) and 01, is the solid angle subtended by the <
d sun for 2 September 1964. If we substitute the center sun x PR S
. radiance for the solar scalar irradiance in Eq. (3.21) we get 0 ! 2 3 4 3 6

RELATIVE OPTICAL AIRMASS, m(6,)

y Ly (2.6,,8)/1,L.0.0,00m(8,)] = B', (3.28) Fig. 3-3b. Graphs to test atmospheric optical stability for 2 Sep-
4 tember 1964, flter 1 (A = 459 #m), Teast Two, Eq.(3.30).
n where
| ‘. D(T The third test is a plot of the almucantar sky radi-
’ B'= Db\, 8. (3.29) ance graphed against expl—1/m(6,)) from Eq. (3.26) as
¥ shown {n Fig. 3-4. The maximum sky radiance should lie

Similarly Eq. (3.23) becomes at a transmittance of approximately 0.75. Although the
\] . , noon value of sky radiance is inconsistent with the rest
g Lu(2,0,8)/,Lu(2,8,,0) = m(9,) B . (3.30) (hooks upward near air mass one), and there are no meas-
]
;
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ured sky radiances at the exact 9,, the sky radiances can
be reasonably represented by a curve which maximizes at
a transmittance of 0.75 (dashed line).

lzo T L e T
g q oo \ ]
2 3
80 > .
z z
) /
2o o
s & X = 459nm
‘. J ‘o o -
L)
3 o :
0020 40 50 80 100
VERTICAL TRANSMITTANCE

Ta (0,0) = EXP[~1/m (6,))

Fig. 3-4. Almucantar sky radiance at 55° ve vertical transmittance
(Eq. 3.26) for 2 Saptomber 1964, flter 1 (A = 459 wm).

-+ Thus we conclude that the atmosphers on 2 Sep-
tember 1964 in the vicinity of the Visibility Laboratory
was reasonably stable optically. Also we conclude that
scanner radiances nwmy be used to obiain almucantar
values by interpolation for use in the preceding equations,

Now that it is established that the day is optically
stable, we will use these name equations to test for sun
reflections in the aureole photometer.

Aursols Radiance
The solar aureole radiance wss measured 0.573
degreas from the center of the sun without occulting the

sun. A graph of the ratio of the apparont aureole radiance
to the relative airmass versus airmass is given in Fig. 3-5.

-
(=]

T

TEST ONE
SYM FILTER Xnm
s-m 1 Wk

[ =]
L]

RADIANCE AT 0.573° TO
CENTER SUN RADIANCE x AIRMASS

L. (z.0,0573)/ L (2.6,0im@)] x 1G*
&

RATIO OF APPARENT

L=
-—
~
w

4 S 6
RELATIVE OPTICAL AIRMASS, m{o,)

My, 3-6a. Graphs to test for spurious sun reflections in aureole
tadiance measursr.ients, 2 September 1964, Test One, Bq.(3.28).

...........

TO RELATIVE OPTICAL AIRMASS
L. (2.0,0573)/m(s) [W/Qmium]

RATIO OF APPARENT AUREOLE RADIANCE

10 1 2 3 4 s 6

RELATIVE OPTICAL AIRMASS, m (6,)

Fig. 3-8. Aurecle rudlance to airmass ratio vs relative optica, air-
mass for 2 September 1964,

The data for the three Hiters look reasonably linear and
the correlation coefficients are 0.99. However, the least
squares transmittances, which are noted on the graph,
vary markedly from the values derived from the sun radi-
atice and the almucantar at 55 degrees scatterinig angle.

The two tests for spurious sun reflection using
Eqs. (3.28) and (3.30), fail miserably, see Fig. 3-6a and b.
In Fig. 3-6a the B’ increases dramatically as airmass gets
near one instead of staying constant. In Fig. 3-6b the data
can be fit to straight lines but they clearly do not go
through the origin,

—
(4

=

'E 8
35
: 6F TEST TWO <
SYM FILTER inm
G- | 459
: o Ea (00 pomn R+ S

L Lt 3 560

L (2,0,.0573)/ L (2.9, 0) = 10-*

i . P S i 1

! 2 3 4 L] 6
RELATIVE OPTICAL AIRMASS, m (6,)

Fig. 3-6b. Graphs to tesi for spurious sun reflections in aureols
radiance measurements, 2 September 1964, Test Two, Eq.(3.30).
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The final test is the graph of the solar aureole radi-
ance as a function of exp[—1/m(8,)] as shown in Fig. 3.7,
The aurcole peaks at transmittances still lower than the
values derived using the aureole and noted in Fig. 3-5.
The transmittances from Egs. (3.17), (3.19) and (3.26)
are clearly not in agreement. Thus we conclude that the
solar aurecle measurements include a spurious sun
reflection component in all three filters.

L) L) 1 LI
s TEST THREE
5 SYM PFILTER Xnm
= 4E4p ° ! 4“9 -
el + ! S8
. o 3 s
]
g E Je4 p %fj \ b o
+ =)
- t: ey
B il L N d
< \a
J
é Joaeef \ 1
Il 1 | I
0 0.2 040 0.60 0.80 1.00
VERTICAL TRANSMITTANCE

IF TW(0,0) = EXP(~1/ni (o))

Fig. 37 3olar aureole radiance vs vertioal transmittance (Eq.
bR 26) for 2 September 1964,

Any sky radiance measuremont made near the sun

_ without occultation of the sun is questionable and should

be tested in some fashion. The above method appears to
be a valid testing procedure.

This test can be run for the sky scanner used on 2
September 1964 for various angles from the sun smaller
than 55 degrees to establish which scattering angles have
valid sky radiance measurements and which contain spuri-
ous sun roflections.

3.4 Large Sun Zenith Angle

When the sun zenith angle is relatively large, the
solar almucantar contains a large enough range of scatter-
ing angles so that Eq. (3.15) can be integrated over 4«
thus

27}. Lo (2.0,,8)sin8d0/( ,e(2)m(9,)]
[

-{ ta(2,8)d0) +£I Cwddn. (331
Substituting in Eq. (3.13) we get
z«}.' Lo (2.0,8in8 8/ ;e(2)m(9,)]
- lalt) + [ I Cla)ds dn . (3.32)
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The last term in Eq. (3.32) can be rewrilten substi-
tuting in Eq. (3.4) for C(2)

[f Clddn -ff[ [L(:.8'0)0(2.8Y/ () d 2 dz dD)

+f S it oy etnaan (3.33)

This integrates to
{I C(z)dr dd -I {le(2)- e (D) s(2)/,e(2)}
+_£ [ln.a(z)/,c(:)]dx . (3.34)
But the first term in Eq. (3.34) can also be written as

f {le(e)~,e(D)s(2)/ 0 (2)) 2 =

fll(z)s(r)/,c(z)]d: - tal2) . (3.35)

Therefore combining Eqs. (3.32), (3.34) and (3.35) we get
in f Lo (1,6,80in8 dp/,e()m(s,))
[ ]

-f le(2)sG)/ a(a)) e +flm.°(:)/,n(:)]ak . (3.36)

By multiplying both sides by the sun scalar irradiance out
of the atmosphere ,¢(0), this can also be written as

2n f La (2,6,8)sin8dB/[T(2,68,)m(8,)]
o

1}
-f exp[fa(z)drl ls(2)s(z) + L ). 337

No rption

When there is no absorption the total scalar irradi-
ance ¢«(z) does not change with altitude, therefore it may
be taken out of the integral. Also the attenuation
coafficient a(z) is equal to the scattering coefficient s(z2).
In addition there is no emission thus ms, (2) equals zero.
Making these substitutions into Eq. (3.37) and transposing
m(@,) we have

2 ]' Lo (2,8,8)8in8 dB/ Tu(2,8,)
0

-c(z)fexp[f s(2)drls(2)m(6,)dz . (3.38)

| PN

l': .v-:-,.'. . -’- -

lolw e telaleg

| WO

Pl r
teatste 2 a2

B 53 ULy

- - EE [N NRNRY - SRR . e
P T RORNONSEIIIN, STV IC-AN, )

. TR e
ca’a a’s a &

y o,




:

l—w-—-v---.-—-_-n-‘-rn...-.-....-.‘u.-—.\.. - I R R I

For the sun angles whare m(8,) equals sec8, and dr
oquals secé dr, we now have an integral of the form e“du
where u equals | s(z)secd,dx and du equals s(z)secd,ds.
Therefore, we need a large sun zenith angle to get full
coverage of the scattering angles 0 to 180 degrees but we
noed the sun zenith angle to be equal to or less than 70
degrees 50 that the airmass is equal to ser@,. These two
requirements are a bit contradictory. Assuming the two
requirements reasonably compatible at 70 to 80 degrees
zenith angle, we can integrate to get

2r [ L2 (00,8008 48/ (2.0,
[
= o(0)[Tulz,0,)! -1) . (3.39)

Transpoeing the tranamittance terms and simplifying we

20 [ 12 (2.0, 200008 4R/ 1=To20,)) = ) . (3.39)
[

When thers is no absorption the normalized equili-
‘brium radiance from Eq. (2.49) is

[ yooan-un. (3.40)

Therefore, Eqe. (3.39) and (3.40) imply that for the solar
almucantar at relatively largs sun zenith angles,

L(0.0,8) = Lo (2.0, A/ 11-Tua 0} . (3.41)

4. VOLUME SCATTERING FUNCTION

4.1 lategrating Nephelemeter

The Visibility Laboratory integrating nephelometer
was first deacribed in Duntley etal. (1970). Measure-
ments ware made on the ground and airborne by the Visi-
bility Laboratory with this instrument from 1968 through
1975 in locations in Thalland, the continental United
States and in Burope. From 1977 through 1980 similar
measurements were made in Europs with a comparable
folded path instrument described in Duntley ¢ al. (197%).

The integrating nophelometer measures three
soattering properties: the total volume scattering coefficient
3(2), and the volume scuttering function o(z,8) at 30 and
150 degress scattering angle. Measurements between
1968 and 1930 were made with various narrow and broad
band spectral sensitivities in the visible spectrum and very
near infrared, with mean wavelenths from 478 10 765
nanomoters.

When the integrating nephelometer data are put into
the form of the ratio to the Rayleigh scattering, some of
the differences due to wavelength and air density changes
with altitude disappear. Let us define a ratio Q{z) as the
ratio of the total volume scattering coefficient to the Ray-
leigh volume scattering coefficient gs(z).

Q(2) = 5(2)/ ps(a) . 4.1)

Similarly let us define a ratio 9(z,8) as the ratio of the
total volume scattering function to the Rayleigh volume
scattering function 4o (2,8)

9('0’) - c(t.ﬁ)/‘w(l.ﬁ) . (‘-2)

When the scattering function ratio 2(z,8) is graphed
as a function of the total scattering coefficient ratio Q(z2),
a single function results for each scattering angle B,
regardless of the filter, or whether the data are ground
level as in Fig. 4-1 or airborne as in Fig. 4.2. All the
integrating nephelometer data from 1968 through 1980 are
similar regardless of location of measurement or filter.

The superimposed curves are from the catalog of
l(\orml)lized voiume scattering functions from Bartenova
1960).
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Fig. 4-1. Comparison of multi-spectral volume scattering function
rutios measured by Visibility Laboratory ground-based nephelom-
ster with the photopic ratios from Barteneva (1960).
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METRO AIRBORNE DATA

Filter  Symbol S
2 A J

4 x
b | +
s ¢

VOLUME SCATTERING FUNCTION RATIO, 2(z}

- LRI o e s an & ¢ v ATy

OPTICAL SCATTERING RATIO, Q (2)

Ny, 42. Comparison of multi-spectral volume scattering function
ratios measured by Visibility Laboratory airborne nephelometer
with the photopic ratios from Barteneva (1960).

4.2 Barteneva Catalog

Barienova (1960) provided a catalog of normalized
directionsl scattering functions o(8)/s for the photopic
sensor based upon 624 measurements made with a
nephelometer during 1935 through 1958 in various loca-
tions in the USSR and at sea. For each volume scaltering
function she gives a range of total volume scattering
coefficient appropriate to that function.

The range of total volume scattering coefficients is
from Rayleigh to heavy fog, for ground level. Her catalog
of gradual functions, classes 1 through 10, are appropriate
for very clear to heavy haze, but not fog. This range of
functions is applicable to the troposphere under conditions
appropriaste for flying using visual flight rules. Thia also
describes the conditions under which the aircraft flew dur.
ing the Visibility Laboratory data missions. Since the
ground-based data were taken in conjunction with the
flights, these same conditions are also appropriate for the
ground-based data.

The Bartencva catalog was first interpreted In terms
of the median total volume xcattering value for each
scattering function class. Then the ratio Q was computed
for these median s values. Similurly, the value of the
median volume scattering function o(0,8) for 30 and 150
degress was computed by multiplying the normalized func-
tions by the medien 5 values. Then the ratio to Rayleigh

-23-

(2.8 was computed and the curves in Figs. 4-1 and 4-2
graphed for the Barteneva data.

All the Visibility Laboratory nephelometer data for
total volume scattering and the scattering functions at 30
and 150 degrees agree with the Barteneva catalog of gra-
dual functions. Thus it has been assumcd that the Bar-
teneva catalog is appropriate for specifying the directional
scattering for all the scattering angles 0 to 180 degrees for
various sensors in the visible spectrum in the troposphere.

The further step of representing the catalog by equa-
tions has been made by Johnson and Hering (1981a). A
full analytic representation in the form of Henyey-
Greenstein functions is presented in Hering (1981b).

Graphs of the normulized volume scattering func.
tions as a function of scattering angle for the Barteneva
catalog are given in Fig. 4-3 for the gradual classes and
Fig. 4-4 for the steeper classes.

a-curve regisiered at Mi. Elbrus;
- Rayleigh function for pure dry air:
- class 2, general ype:
+ class 3, gradual type, ew.

s DD ==

o
wesesssesses

o(p)/s

NORMALIZED SCATTERING

01
I g
\G—u.-ﬂu——o u—"“"“—-
30 9% 150

SCATTERING ANGLE, 8

Fig. 4.3, Normalized volume scattering function for gradual
classes from Fig. | Barteneva (1960).

§'-cluss 5, steep type,
6’ cluss 6, sieep type,
6''-class 6, steep type with peak, elc.

pusesnacsansess

ol{g)/s

o1k

NORMALIZED SCATTERING FUNCTION

SCATTERING ANGLE, 8

Fig. 4-4. Normalized volume scattering function for steeper

classes from Fig. 2 Burtensva (1960).
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4.3 Average Volume Scattering Function at 55°

The average normalized volume scattering function
is

{ lo(@)/s)d 0/ [ df} = )/(4r) = 08 . (4.3)
1 ]

The Rayleigh normalized volume scattering function can
©be computed from the approximation

po(8)/ ps = 3(1 + coalp)/(16w) . (4.4)

Equations (4.3) and (4.4) were combinsd and the ensuing
squation solved to obtain the scattering angle at which the
Rayleigh normalized volume scattering function is equal to
.the average value of 1/4=. [t was found to be $5 degrees

e (S$)/as = 1/ (%) . 4.9)

The graphs in Figs. 4-3 and 4-4 are marked at
scattering angle 55 degrees and at the normalized volume
" soattering function equal to 0.08. From these graphs we
800 that the scattering angle of $S degrees yields a reason-
able spproximation of the average volume scattering func.
tion for all the scatteting functions except the gradual
classes 9 and 10, that is,

@(58)/2 = |/(4n) . (4.6)

In reviewing the graphs of measured nephelometer
data, it is noted that nons of the total scattering coefficient
ratios Q(z) exceeded 100, That is, gradual classes 1
through 8 [(Q(8) = 114] were encountered but never 9 or
10 [Q(9) = 201 and Q(10) = 237). Therefore for model-
ing the atmospheres measurcd from 1968 through 1981 in
tha visible spectrum, it is reasonabie to use Eq. (4.6) as
part of the mode! assumptions.

4.4 Mathod of Obtalning Single Scattering Albedo
from Horison Sky

Rowssler and Faxvog (1981) developed equations
for the horizon sky luminance as a function of the single
scattering albedo after assuming both an isotropic scatter.
ing function and an isotropic luminance distribution. The
technique can be made more genarally applicable by
developing the equations for the horizon at a scattering
angle of 55 degress from the sun.

Herizon Skv st $5° from Sun
The equation for the path function at 55 dogrees
scattering angle can be expressad as a function of the sun

component separate from the sky-terrain component in a
manner similar to Eq. (3.2

. 24-

Lo(2,0.55 8) = (e(2)er(2,55)

+J‘ Lz #8doiz a0 + Ly (2) 4.7
w

Substituting Eq. (4.6) into Eq. (4.7) and assuming the
sky-terrain or diffuse scalar irradiance se¢(2) is isotropic we
get

L4(2,0,55 B) = ;e(z)s(z)/(4n)
+ gel2)s(2)/ (4m) + L, @, 4.8)

Since the total scalar irradiance is the sun plus the sky-
terrain scalar irradiance, Eq. (4.8) can be written as

L4(2,0.55 8) w «(2)s(2)/(4n) + L.a(z) . 4.9

Dividing both sides by the attenuation coefficient and
expressing the emitted path function according to
Eq. (2.7) we get an equation for the equillbrium radiance

Ly (20,55 8) = «(2)s(2)/a(2)4n)

+a() L\, T al2) . (4.10)

This can be expressed in termy of the single scattering
albedo w (from Eq. (2.39)) as

Ly(2.6,55 B) = w(z)e(s)/ (4m)

+ =L\ . (4.11)

The general equation for the horizon sky radiance at
§5 degroos scattering angle from Eq. (2.57) is

Lo (2.90.558) = L (2,905 ) 1-Tu(2.90) . (4.12)

Therefore from Eq. (4.11) the horizon sky radiance at §5
degrees is

Lo (2,90,558)

= {w(De@)/ () + N-w(DILADIN-To(2,90) .  (4.13)

The above equation assumes that the attenuation
coefficient is horizontally isotropic and therefore the hor-
izon sky must be cloud free.

Visible Spectrum

In the visible spectrum L(A,T) is negligible. Also
for the photopic at sea level 7.(0,90) is negligible and
Eq. (4.13) becomes
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La (0.90,558) = w(0)e(0)/41 . (4.14)

Thus the single scattering albedo w can be determined by
measuring the horizon sky at §5 degrees and the total
scalar irradiance at sea lovel

w(0) = L3 (0,90,558)4n/a(0) . (4.15)

" Since this Is an approximative method, the precision level
of the resultant «(0) is not expected to be high. How-
over, it can still be quite useful as one measure of the sin-
gle scattering albedo.

. When there is no absorption w = 1 and the horizon
aky should equal the average scalar irradiance «(0)/(4x)

La (0,90.558) = ¢(0)/(4n) . (4.16)

4.5 Mathod of Obialning Scattering Transmittance
from Sky Radiance Ratios at 55 Degrees

When absorpition is negligible, the general equation
for the equilibrium radiunce at 53 degrods scattering angle
Bq. (4.11) reduces to

Ly (20,55 8) = «(a)/4xr . 417

Also when absorption is negligible the total scalar irradi-
ance «(z) is constant with altitude, therefore the equili-
brium radiance at 55 degrees is also constant with altitude.
Rearranging the equilibrium radiance form of the equation
of transfer Eq. (2.17) we geot

(L(2,0.55 B)~L,(2,0,55 )~ dL(2,0,55 8)

- —g(r)dr, (4.18)

where the total scattering coofficient s(z) has been substi-
tuted for the attenuation coefficient since absorption is
nogligible. Since the equilibrium radiance is a constant
Bq. (4.18) can be integrated with respect to altitude

L
[ (L(2,0.58 B)-L1,(2,0,55 9))"" dL (2,058 B)
(4

- -f s(e)dr . 4.19)
[ )
The result of the integration is
L,(2,0,38 8) = L,(2,0,85 8) T, (2.9)
+ L0580 -, 7,00 (4.20)

where , 7,(2,0) is the transmittance due to scattering.

.28.

Sky Radiance Ratio at 55°

For sky radiance at 55 degrees scattering angle, the
inherent radiance L, is equal to zero and Eq. (4.20)
becomes

Loa(28.55B) = L (2,035 )1 - [ To(z.0)] . (4.21)

Now when 55 degree sky radiances at two zenith
angles 0 and ¢’ are ratived, since the equilibrium radiance
is equivalent, the sky radiance ratlo is solely a function of
the scattering transmittance

Lo (2,0.55 BY/LS (3,8,55 B)

=1 -, Tuz0O] / [1 - T,(,00m€] . (4.22)

Although Eq. (4.22) cannot be solved for directly, it can
be solved by iterative means. Error analysis indicates that
the zenith angle difference @ — ¢' should be large to
minimize the error in the resultant vertical transmittance
s Tu(2,0).

Visible Spectrum

In the visible spectrum, absorption is negligible
except for ozone. The total transmittunce in the visible
spectrum would thus be approximated by the product of
the scattering tranamittance times the ozone transmittance

Tu(2,0) =  To(2,0) , Tou(2,0) . (4.23)

To illustrate the use of Egs. (4.22) and (4.23), we
again refer to the sky radiance and solar transmissometer
dats taken on the Visibility Laboratory rooftop in 1964,
The atmosphere on 2 September 1964 was optically stable
during the afternoon as illustrated in Section 3.3. Thus
evaluation of the scattering transmittances throughout the
afternoon should give us an estimate of the precision of
the estimation method for broad band sensors in the visi.
ble. Equation (4.22) was evaluated for all sky radiances at
55 degrees plus or minus 2.5 degreos scattering angle for §
from 81.6 to 64.7 degrees and 6' from 64.7 to 2.8 degrees.
Later error analyses indicated that some of these zenith
angle combinations are less error prone than others.
Hence, the averages in Table 4.1 are less accurate than can
be obtained with a smaller yet better selection of zenith
angle combinations. However, they are presented herein
as a first approximation.

The transmittance ratios in Table 4.1 are the
transmittances based on Eq. (4.22) times the ozone
trangmittance divided by the transmittance from the solar
transmissometer. The ozone transmittance is noted at the
bottom of each column. The transmittance comparison is
best for Filter 1 which is a relatively narrow band filter
with the least absorption. The near noon data compare
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Table 4.1. Comparison of transmitlance determination procedures
(sky radiance ratio method vs solar transmissometer).

Nomina} Sun TOTAL TRANSMITTANCE RATIO
Zanith Angle (From Eq (4.22, snd 4.23) and Solar Transmissometer Messurements)
[}
' Filer 1 Filter 2 Fllter 3 Filter ¢
(dogross) A=ds9am A =3085am X = 560 nm X =661 mm
14 954 9 894 .900
30 4 49 i) 905
L 1.048 1.011 1.0% 1.038
30 1,048 1.01) 1.041 1.047
60 1.034 1.006 1o 1.044
10 1.030 1.014 1.042 1.080
0 1.002 R, 1.081 1.048
Average 1.008 98 993 1.004
Sondard
Devistion 04) 087 .08% .070
Oone
Coniribution
aTw 0.0 996 R ) .96% Mm

_loast well. The sccuracy is probably sufficlent to warrant

further development of the method to improve the preci-
sion level,

Use of sky radiances at $S degroos scattering angle
should be an improvement on the sky ratio method
described In Duntley eral. (1972) Section 2.1 and in
Duntley eral. (1978) Section 2.2. That method, which
stemmed from the nomographic method of Kushpil' and

- Petrova (1971), used sky radiances at-all scattering angles.

Kushpil' and Petrova (1971) suggested use of ratios at
§7.2 degross scattering angle for the visible spectrum and
$3.9 degrees for the near infrared portion of the spectrum
but did not give a theoretical basis for the nomograph or
for the selection of these angles.

4.6 Mothod of Obtalning Aeresol Optical Thickness
from Selar Almucantar

The basic equation for the sky radiance in the solar
almucantar Bq. (3.15) can be rewritten expressing the opt-
ical thickness function in two components, the Rayleigh or
molecular xrw(2,8) and the Mie y7a(2,8)

Lo (2,0,,8) / [;a(2)m(o,))

- aTw(8:8) + ptultf) + f Cdd.  (4.24)

For simplicity the left hand ratio is defined as a function
“('0p)

u(z,B) = Ly, (2,6,,8) / Le(2)m(s,)] . (4.29)

If we have in the almucantar a large enough range
of scattering angles, both sides of Eq. (4.24) can be
integrated over 4r and Eq. (3.13) substituted in to obtain

in ]. w(2,8) 8nBdB = ptu(2)+ yylulz)

+ 2 f f C(2)dr sing ds . (4.26)
o =

where xt.(z) is the Rayleigh optical thickness and 4 ru(z)
is the Mie optical thickness. The last term in both
Egs. (4.24) and (4.26) is the diffuse component due to the
contribution of thé relatively non-directional sky, apparent
terrain radiance and emission. All the equations up to this
point are not approximations and hold for an atmosphere
with or without absorption and/or emission. Thus, they
are equally as valid in the infrared.

Livshits and Paviov (1970) make the assumption
that in the photopic or visible portion of the spectrum, the
sky luminance or radiance in the almucantar for scattering
angles 90 to 180 degrees is essentinlly a function of the
Rayleigh optical thickness function and the diffuse com-
ponent, and that the diffuse component is the same for 0
to Y0 degrees as it is for 90 to 180 degrees scattering
angle. This assumes homogeneity in the almucantar and
thus is limited to cloudless skies. Thus since the Rayleigh
scattering is symmetrical about 90 degrees




2w | p(2.8) singds)
®/2

= pla(z) + 27 ff CQ2)dzsing df . (4.27)
0 os

Also it follows that the Mie optical thickness is the Integral
of the forward portion of the function less the integral of
the back portion

Misn(2) = 2r f wu(z,8) sing dB

- Lu(z.p) singdg . (4.28)

" Livshits 'and Paviov (1970) also obtained the total
aptical thickness t.(z) from

tal2) = p1y(2) + gtou(2) + ,ta(2) . (4.29)

where ,t.(2) is the optical thickness due to absorption.
They obtain the Rayloigh thickness theoretically, and
assume the absorption is pritnarily due to ozone in the
visible wavelengths. Ozone absorption was assumed to be
the ysarly average value for a given wavelength. They got
good comparison to total optical thickness values obtained
with the Langley or Bouger method for short wavelengths
where there are no other absorption bands. They did not
compare as well at the longer wavelengths. We suspect
absorption other than for ozone in the longer wavelengths
In the visible rather than an error in the aerosol optical
thickoss,

Scattering Angle §3°
Tho disadvantage of Eq. (4.28) is the need for a

large sun zenith angle so that a large range of scattering
angles are available in the solar almucantar radiances.

Since the ratio of the volume scattering function at
55 degrees to the scattering coefficient is 1/(4#) for the
Rayleigh and the total scattering (Eqs. (4.5) and (4.6)), it
must also be 1/(4s) for Mie scattering as well

a0 (8,55)/n8(2) = o(2,55)/s (x)

20 (2,58)/ 48 (2) = 1/ (4m) . (4.30)

\ Thus the ratio of the optical thickness function at 5§
degroes to the optical thickness must also be 1/(4#) for
each component as well as the total scattering

AT (2,55)/ gl (2) = 74,(2,55)/, e (2)

] = T £.58) t(s) = 1/ A1) . 4.31)

.27

Now we can express the Mie optical thickness function in
terms of the Mie optical thickness by rearranging
Eq. (4.31)

MTool2.55) = o1 (2)/(4rr) . (4.32)

Using the same rationale as Livshits and Paviov
(1970), that the angles 90 to 180 degrees in scattering
angle describe the diffuse and Rayleigh components for
the angles 0 to 90 degrees, we can say that

(2,180 ~ 55) = o1, (2,5%) +f C()d: . (4.33)
Also from Eq. (4.24) we have
U(2,58) m 070 (2,55) + g1 (2,59) +f C(z)dz . (4.34)

Subtracting Eq. (4.33) from Eq. (4.34) we get

MTw(2,58) = u(2,58) — u(2,125) (4.35)
Now combining with Eq. (4.32) we get
alea(s) = bl u(2,85) ~ u(2,129)) . (4.36)

The solar almucantar contains both 55 and 12§
degrees scattering angle for sun zenith angles 62.5 to 90
degrees. Thus for these solar zenith angles a measure.
ment of the scalar sun irradiance and sky radiances in the
solar almucantar at 55 and 125 degrees from the sun
would yield a measure of the Mie optical thickness
through the atmosphere. As long as the sky radiance dis-
tribution shows brighter areas 0 to 90 degrees than 90 to
180 degrees, this scheme will work. Equation (4.36) also
is valid when atmospheric emission is present as long as
the emission does not swamp-out the directional scattering
effects.

Alternate Expression

An alternate expression for obtalning the aerosol
optical thickness from sky radlances when no sun scalar
irradiance measurement is available can be developed.
Substituting Eq. (4.25) into Eq. (4.36) and rearranging we
get

Mle(2) =4[ L2 (2,6,.55 8)

- La(2,6,1258)] / [ jet2)mes,)) . (437

The sun scalar irradiance can be obtained from the
average sun irradiance out-of-the atmosphere ,&(ce) by
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se(e) = ,7(e0) T (2,0) v/$?, (4.38)

where W is the angular solar diameter for that date and ¥
the average angular solar diameter. Also the total
transmittance can be expressed as a function of the com-
ponent optical thicknesses from Eq. (4.29)

Tou(2,0) = exp[ =pte(2) = ptalz) = ,ta(2)] . (4.39)

Substituting Eqs. (4.38) and (4.39) into Eq. (4.37)

- and rearranging we get

Min(@)expl =yt (2)m,) ]
- dw [ L2 (2,6,,58 ) - La (2,8,,1258))

1| Wm0 (W12 exp-m8)] p1a(e) + (1 (0)])] (4.40)

BEquation (4.40) cannot be solved directly for the aerosol
optical thickness but by interative means it is readily
oblained. It assumes a reasonable estimate of absorption
optical thickness can be made such as assuming only
ozone absorption in the visible or that a value can be
obtainad through use of Program LOWTRAN at other
wavelengths.

Validasion Studies

The two methods of obtaining the total optical thick-
ness and hence transmittance from solar almucantar sky
radiances at 55 and 125 degrees using Eqs. (4.37) and
(4.40) with Bq. (4.29) were tested using the 1964 Visibility
Laboratory rooftop data previously describod in Section

The scanner radiance grid included almucantar
measurements within £0.7 degrees for all four filters for
the 2 September 1964 nominal 70 degrees sun zenith
angle data packages. The solar transmissometer value of
transmittance was used in Eq. (4.38) to obtain the value
of scalar sun irradiance ,e(z) for use in Eq. (4.37). The

values of and basis for the scalar sun irradiance out of the
atmosphere ,€(o0), the Rayleigh optical thickness and
ozone optical thickness are given in Appendix A.

The total optical thickness 1.(0) and total transmit-
tance Tw(0,0) from the solar transmissometer are given
for each filter in Table 4.2. The ratio of the optical thick-
ness derived using Eq. (4.37) to the solar transmissometer
value is given in column 4, and the ratio for Eq. (4.40) in
column 5. Similarly, the ratio of the derived transmit-
tances to measured values are given in columns 7 and 8
respactively. The values compare well for the first 3 fliters
and less well for fllter 4 meanwavelength 661 nanometers,
although even there the transmittances are within 2 per-
cent. Livshits and Paviov (1970) similarly found closer
comparisons at the shorter wavelengths for mono-
chromatic measurements.

Thus the shorter method, using the aimucantar at
55 and 125 degrees with or without an independent sun
irradiance measurement, appears to be valid for narrow
band and broad band sensors in the visible spectrum,

The alternate equation Eq. (4.40) is particularly use-
ful with airborne scanner data where independent meas-
urements of sun irradiance are not available. This method
was used to obtain the aerosol optical thickness for flight
C-466 airborne data at 6 and 0.2 kilometers for use in the
example in Section 2.4 Tables 2.5 and 2.6.

Since this is an approximative method, the resultant
aerosol optical thickness precision may not be high, but
the resultant transmittances have high precision as can be
seen in Table 4.2. The method requires un unobscured
sun and cloud-free sky at 55 and 125 degrees from the
sun in the almucantar.

5. SUMMARY

Some implications of the equation of transfer as it
relates to a scattering and absorbing medium have been
explored. The major implication is that a measurement of
the 44 radiance distribution can yield a great deal of infor-
mation about the atmosphere both in the visible and the
near infrared. If the solar almucantar Is cloud-free the

Table 4.2, Comparison of transmittance determination procedures
(solar alumcantar radiances vs solar transmissometer),

TOTAL OPTICAL THICKNESS 1, (s) TOTAL TRANSMITTANCE T,,(0,0)
Filer Vlum.lh « . » .
Numbe: Tom Transmi lor Derived to Meaa.* Ralios Transmissometer Derived 10 Moas.* Ratios
Measurement Using Using Measurement Using Using
Bq. (4.37) Eq. (440) £q. (431 Eq. (4.40)
1 49 96 R, ] 9 143 1.0 LM
H 508 .4 1.02 1.0 786 » »
3 60 .00 98 1.02 k11 1.0l 1.00
4 []] 14} R “ 87 102 1.02
-28-
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aerosol optical thickness can be derived. If the 47 radi-
ance distribution is measured at several altitudes, the radi-
ance arrays can be tested for consistency and, if con-
sistent, a measure of absorption obtained. The Visibility
Laboratory data catalog of radiances, both airborne and
ground-based are a mine of information waiting to be
tapped. This catalog is useful for testing methods of
retrieval of basic scattering and absorption information
about the atmosphere as well as for development of
atmospheric models,
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OPTICAL AND RADIOMETRIC
CHARACTERISTICS OF SELECTED
BROAD BAND SENSORS

The broad band sensors referred to in the text are
muitipier phototubes with spectral filters interposed
between the sensor and the optical signal. The combina-
tion of the sensor sensitivity S, and the filter transmit-
tance 7, is the resultant sensitivity of the filtered photo-
tube S§,7,. The standard responses which each optical
system attempts to duplicate are indicated as 5, 7,. These
relative spectral response values are normalized to the
peak value.

AVIZ Filters

The relative spectral response values for the AVIZ
Filters 2 through § are graphed in Fig. A-1 and given In
tabular form in Table A.1. Filter code 9 is the true photc-
pic response; it is included in Table A.l for comparative
purposes only. The AVIZ fliters are applicable to airborne
and ground-based data measured by the atmospheric visi-
bility branch of the Visibility Laboratory between 1970 and
1978. The multiplier phototubes used had an 5-20 spec-
tral response.

2

0 I j -

400 $00 600 700 800 900
WAVELENGTH, (A,nm)

Fig. A-1. Standard spectral responses for AVIZ fllters.
Peak Waveiengtha are: 2 = 475nm Blue, 3 = 660nm Red,
4 = 550nm Photopic, $ = 750nm N.LR., 6 = 440nm $-20.

Spectral Characteristics

A summary of the response characteristics of the
AVIZ filters is given in Table A.2. The mean wavelength
X is defined by

1100
K-EQAS‘T‘HM/M. (A1)
The effective passband 8A is defined by
1100
8\ = E SK,A an . (A.Z)
400

The radiometric units for irradiance of W/mium are
obtained from units of W/m? by dividing by the effective

.31-

-p-r, ) v’q" F ‘.,’.‘.‘.""g‘~I ":‘h"‘:".'-

APPENDIX A
passband 8A. Similarly the radiometric units for radiance

of W/srm¥um are obtained from units of W/sr m? by
dividing by the effective passband.

Inherent Sun Properties

The broad band values of sun irradiance out-of-the-
atmosphere at mean solar distance ,€(o0) are obtained
from the spectral values of Johnson (1954) ,&(c0,A) by

1100

S€(0) = ‘%:o ;€0 )) ST AN / 8. (A3

The spectral average inherent sun radiance , 7, (A)
was computed from

L) = @) / Qy, (A4)

using the mean angulur subtense €1, of 6.819E-S steradi-
ans based on a meun solar distance of 1.495E8 kilometers
and a mean solar diameter of 1.393E6 kilometers, The
spectral center sun radiances ;L,(A) were computed using
the spectral limb darkening factor D(\) based on the limb
darkening functions of Minnaert (1953)

sLoW) = L, () / DO, (A.5)

Equations similar to Eq. (A.3) were then used to
obtein the broad band inherent sun radiances from the
spectral values.

Rayleigh Atmosphere Properties

The spectral values of the Rayleigh total volume
scattering coefficient z5 for sea level, 15 degrees Celsius
are computed from (Eq. 14 from Penndorf (1957)),

2S() =8 nt = D26+ 3p,) / [ 3N (6 ~ 7p,)] (A.6)

The number density n at atmospheric temperature 15
degrees Celsius is 2.54743E19 ¢m™? and the depolarization
factor p, is 0.035. The refractive index » can be
expressed as N’ where

N = p-1. (A7)

Now rewriting Eq. (A.6) in terms of N' and with
wavelength in nanometers

RS(A) = 340IE12 nm* m™) (N2 +2N)2 /00, (AB)

The refractive term N’ can be expressed as a function of
the refractive modulus N(0) as
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APPENDIX A

Table.A.1, Relative spectral response of standards for AVIZ filters.

FILTER NUMBERS AND MEAN WAVELENGTH ! | FILTER NUMBERS AND MEAN WAVELENGTH w .
. : §
No.2 No.) No. 4 No. § No 6 No. 9 : No.2 I No. ) No_ 4 No. § No. 6 No 9 \
Wave. Pseudo- True | Wave: | Pseudo- True
langth Biue Red Photopic NIR $-20 Photopic length Blue Red Photopic NIR §-20 Photopic i
(nm) | 478(nm) | 664 (am) | $37(am) | 765(nm) | 532(nm} ] 360 (nm) (am} | 470(nm) | 664 (nm) | 557 (um) | 765 (nm) | $32(nm) | $60(nm) ;
]
«0 . . . . 00000 | 0.0004 613 . . 0.16%0 . 04500 | 04412 :
405 . . . . 0.0129 0.0006 620 . . 0.1300 . 0.4390 0.3810 .
410 . . B . 0.0248 0.0012 - 628 . . 0.1088 . 0.4260 0.3210 i
L1} . . . . 0.2969 0.0022 630 . 0.0000 0.0810 . 0.4130 0.2650
20 . . . . 0.5680 0.0040 [33] . 0.0020 0.0657 . 03938 0.2170
428 . . . . 0.7608 0.0073 640 . 0.0486 0.0504 . 0340 0.1730 !
430 . . . . 0.9530 0.0116 643 . 0.1794 0.0411 . 0.3848 0.1382 "
(31} . . . . 0.976$ 0.0168 6%0 . 0.55)1 0.0313 . 03350 01070 ‘
4“0 - - . - 1.0000 0.02)0 [11] . 0.9544 0.0268 . 0.31%0 0.0816 |
“s . . . . 0.9920 00298 660 . 1,0000 0.0219 . 0.3030 0.0610 :
480 . . . . 0.9840 0.0380 665 . 0.9431 0.0188 . 0.28438 0.0446
438 0.0000 . . . 0.9720 0.0480 670 . 0.0628 0.018? . 0.2660 0.0320
460 0.0070 . . - 0.9600 0.0600 675 . 0.7482 0.013 . 0.2430 0.0232
445 0.1497 . . . 0.9810 0.0739 (1] . 0.47%4 0.0120 . 0.2300 0.0170
0 0.0481 . 0.0000 - 0.9420 0.0910 [11] . 0.1508 0.0108 - 0.2108 0.0ne
475 1.0000 . 0.0172 . 0.933$ 0.1126 6% . 0.0495 0.009% . 0.1910 0.0032
40 0.0 . 0.0343 . 0.9290 01390 698 . 0.0168 0.0080 . 0.1738 0.0087
(1] 0.8304 - 0.0677 . 0.9175 0.1693 700 . 0.0000 0.0070 . 0.1600 0.004}
4% 0.179%0 . 0.1010 . 0.9060 0.2080 108 . . 0.0061 . 0.1448 0.0029
4935 | '0.0292 i 0.1188 . 0.8920 0.25%6 o . . 0.008) . 0.1290 0.0021
500 | 0.0000 . 0.1360 . 0.8740 0.3230 HH . . 0.0048 . 0.1170 0.0018
308 . . 0.2638 . 0.8560 0.4073 0 . . 0.0042 0.0000 0.1050 0.0010
$10 . . 0.3910 . 0.8340 0.5030 728 . . 0.0038 0.1008 0.00)8 0.0007
513 . . 0.5088 . 0.813% 0.6082 130 . - 0.0033 0.2010 0.0826 0.0008
30 . . 0.6260 . 0.7930 0.7100 38 . . 0.0030 041358 0.0123 0.0004
s23 . . 0.7348 . 0.7718 0.7932 40 . . 0.0026 06300 0.0619 0.000)
0 . . 0.8450 . 0.7300 0.0620 T4 . . 0.0028 Q830 0.0358 0.0002 ;
e . . 0.9063 . 0.72%0 0.9149 1% . . 0.0023 1 0000 0.0497 0.0001
40 . . 0.9700 . 0.7000 0.9540 738 . . 0.0020 0.9398 0.0416 0.0001 !
S48 . . 0.98%0 . 0.6788 0.9803 70 . . 0.0012 09190 0.0338 0.0001 '
3% . . 1.0000 . 0.6510 0.9950 765 . . 0.0017 0.3495 0.0292 0.0000
885 . . 0.9663 . 0.6348 1.0002 70 . . 0.0018 0.7800 0.0249 . ;
360 . . 0.9330 . 0.6200 0.9950 s . . 0.0014 0.6620 0.0208 . R
565 . . 0.0685 . 0.6030 0.9786 70 . . 0.0013 0.5440 0.0162 . .
0 . . 0.4040 . 0.5860 0.9520 NS . . 0.0012 0.4990 0.0144 . J
318 . . 0.71198 . 0.5700 09154 % . . 0.0012 0.4340 0.0128 . o
S0 . . 0.63%0 . 0.5540 0 4700 798 . . 0.0012 03120 0.0107 .
88 . - 0.528 . 0.5388 0.0163 800 . . 0.0011 0.3100 0.0088 )
500 . . 0.4700 . 0.5230 0.7570 808 . . 0.0003 0.2678 0.0078 -
98 . . 0.3950 . 0.5060 | 0.6949 810 . . 00000 | 02250 | 0.0062 X
600 . . 0.3200 . 0.4390 0.6310 81 - . - 01128 0.003t A
03 . . 0.3630 . 04750 | 0.5668 20 . . . . : B
610 . . 0.2060 . 0.4610 0.50)0 ,31
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Table A.2. Spectral characteristics summary for AVIZ filters.

A

' ‘." Spectral Characteristics Inherent Sun Properiies Johnion (1934)) Rayieigh Aimosphare Froperties (15°C) Quone X
Optical 3
Filier Pesk Maan Effective Radiance (W/Q} m’um) Altenuation | Total Scanteting Vertical Thickness ﬁ
Code | Wavelength | Wavelength | Passband || lrradiance Length Coafficient Redisnce alel®
No. (nm) () (nm) (w/ mzum) Average Center (m) (per m? Transmiltance i
2 418 an 199 214E403 | JIIE+07 | 407E407 || 4.84E+04 207E.08 0839 $.7E-) ‘1
3 660 664 30.2 LSTE+0) | 2.30E+07 | 2.78E<07 || 1.0GE+0S S 41E-06 0948 1 0ED o
4 $50 b s 190E+03 | 2.70E4+07 | J4TE407 || A93B+04 1 158.0% 0907 JoeE? | -~y
L] 750 168 $0.4 1L.2E40) 1808407 | 2.J0E+07 I[ 3.20E408 3 08E-06 0974 | 181E) .

6 440 332 1.5 191E40) 2 80E+07 JSSE+07 || T.22E+04 1 64E.03 0§67 - X .

9 8§88 560 1.49E403 | 2.77E407 | Y4SE+0? I 9228404 1 1SE-08 0.907 | JOTE? .
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N = NO1E-6. (A.9)

The refractive modulus was computed using the dispersion
formula of Edlen (1953) for the refractive modulus N(0)
at 15 degrees Celsius at sea level

N(D) = 64.328 + 29498.10 / (146 — 1/ AD)

+25540/ M1 =1/, (A.10)

where A is in um. The spectral Rayleigh vertical bsam

“transmittance through the atmosphere may be computed

by meana of the scale height /

ATa(M) mexpl=psH ], (A1)

_Tho scale height for the U. §. Standard Atmosphere (1976)

which has a sea leve! temperature of 15 degrees Celsius, is
8434.7 meters.

Attenuation Length, The attenuation length £ is
defined as that distance at which the signal is attenuated to
1/e. h.;o monotchromatically, the Rayleigh attenuation
lengt

A8 =1/ paln) . (A12)

A broad band attenuation length is similarly defined as the
distance at which the signal is attenuated to 1/e. Thus

' oxp(=1) = axp(=r/x £)

1100
- & oxpl=rps(n) ) 57T, AN/ . (A13)

Equation (A.13) cannot be solved ditectly for the Ruyleigh
attenuation length £ since the range ¢ is both unknown
and in the deulning term. However, it can be solved by
iteration within scceptable limits.

Volume Scattering Cogfficient. The Rayleigh volume
scattering coefficient was nesded as a lower limit for com-
parison to the values measured by the integrating
nephelometer. Therefore, the limiting value zs is defined

s
1100
as- 5 as(NM(\,5500 K3 5\ T, Ax
1100

/ 5) M(\.5500K) 5T, A . (A.14)

A Xenon source is used in the nephelometer, therefore
the radlant exitance (smittance) in Eq. (A.14) was approx-
imuted by a blackbody radiator of $500 degrees Kelvin
M(\,5500°K). The radlant exitance M(\, T is

MO\T) =2l T) . (A.15)

APPENDIX A

The L, T) is computed from the classical equation
(Wolfe (1978) Table 1.7)

LA = /[ made - 1], (A.16)
where
£y = 2mhed = 3.741382E-16 Wm? (A17)
and
x=cy! AT) . (A.18)

The c is the speed of light, & is the Planck constant and

cymch/ k= 14878652 mK (A.19)

where & is the Boltzmann constant. The constants are
from Driscoll and Vaughn (1978) Table A.1.

Transmittance. The Rayleigh transmittance through
the atmosphere was neoded as a limit for comparison to
the transmittance measurements made with a4 solar
transmissometer. Therefore the broad band Rayleigh
transmittance was defined as,

1100
R Tu(00) ~ & ILO(}‘) R Tuld) SA_T;A?\

1100
/ & L) ST, A (A.20)

where ,L,(\) is the spectral inherent center sun radlance
as defined by Eq. (A.5).

Qzone Absorption

The spectral values of ozone absorption a per cm
for the Chappuis bands are taken from the tabular values
of Vigroux (1953) which are in good agreement with the
Inn and Tanaka (1953) values. Since the ozone absorp-
tion was to be used in conjunction with the solar transmis-
someter values, the absorption a per cm for each filter
was computed from the spectral values by

100
am= ‘a RICRYEN NI

1100

I & el ST, ar. (A.2D)

The total ozone was from the U. 8. Standard Atmo-
sphere (1976) which was 0.345 arm—cm. The ozone optl-
cal thickneas was computed for each filter from

T (0,0) mexp [ -,10)] . (A.22)
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3 APPENDIX A .

-_g Rooftop Filters tubes had an S-11 spectral response. A summary of the

k response characteristics of the Roottop 1964 filters is given .
3 The relative spectral response values for the broad in Table A.4.

b band sensors used on the rooftop of the Visibility Labora- Rooftop Filter 3 is the photopic sensor. The photo-

' - tory building during 1964 are graphed in Fig. A-2 and tubes were carefully filtered so that they closely approxi-

g given in tabular form in Table A.3. The multiplier photo- mated the photopic sensor. \

Table A.3. Relative spactral response of standatds for rooftop 1964 filters.

JJ‘ . \
i FILTER NUMBERS AND MBAN WAVELENGTH FILTER NUMBERS AND MEAN WAVELENGTH >
- Wavelength [ No. | Ne. 1 No. 3 NO. 4 Waveiergth | No. | No. 2 No.} NO. 4 K
Rt - (nm) Y (nm) | S0S(nm) | S6Q(nm) | &6 (nm) (nm) S9(nm) | 0Stam) | $60(nm) | 661 (nm) _'
/ %0 . 0.0000 . . 8 0.0029 0.4408 o.m161 .
g s . 0.046 . . %0 00027 04130 | 07568 . h
% mn ) 00132 . . 998 0.0000 03820 0.6048 . )
iﬁ s . o.tisy . . 600 . 03110 0.6)09 0.0000 .
i o . 0.43% . . 603 . 0.2940 0.5687 0.00%0 .
h " . 0.13%0 . . 610 . o9 | osae | ot F
w . o . . 613 . 0.1990 0.1 0.5020 P
»s . o1no 0.0000 . 620 . 0.1210 0.3009 0.8200
" 00 . 0.209! 0.0004 . 625 . 0.1001 0329 0.9140 5
q 408 . 0.25% 0.0004 . 630 . 0079t 0.2649 1.0000 .
3 40 0.0000 0.30%0 0.0012 . o . 0,088 0.2170 0.94%0 .
1 4“3 0.0M0 0.5%0 0.0082 . 0 . 0,087 01750 0.8940 ‘
A 3] 0.1400 0.4090 0.0040 . s . 0.0491 0.8 0.1918 K
N ] 0.3060 0.4488 0.007) . %0 . 00420 0.1070 0.69%0 X
“w 04200 0.5280 00116 . 11 ) 00384 0.0016 0.5970 >
) 0.7 0.5088 0.0168 . 0 . 0028 0.0610 0.49%0
“o 0.9030 0.6430 0.00%0 . “s . 0.0240 0.0M6 04168 o
“s 09818 0.0 0.0198 . 810 . 0.0193 00020 09300 s
: T 1.0000 0.11% 0.0000 . 13 . 0018 0.0 0.28% :
f I 0.97% 0.1768 0.0400 . %0 : 001 00170 0.2600 aird
" “o 09540 0.0140 0.0600 . o3 . 00124 00119 0.2188 <
. “s o8 04819 0.0739 . %0 . o011l 0.0082 0.197
' " 0.810 o.u% 00010 : ] . 00Nl 0.008? 0.1928 .
s 0.7148 onss 01126 . 700 . 00110 0.0041 o.1m0 ;
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APPENDIX B
GLOSSARY AND NOTATION

The notation used in reports and journal articles produced by the Visibility Laboratory staff follows, in general, the
rules set forth in pages 499 and 500, Duntiey er al. (1957). These rules are:

&  Each optical property is indicated by a basic (parent) symbol.

® A presubscript may be used with the parent symbol as an identifier, e.g., b indicates background while ¢ denotes
an object, /e targst.

¢ A postsubscript may be used to indicate the length of a puth of sight, e.g., » denotes an apparent property as
measuted at the end of a path of sight of length », while o denotes an inherent property based on the hypothetical
concept of a photometer located at zero distance from an object, /.e. target.

_ @ A postsuperscript® or postsubscripte, is employed as a mnemonic symbol signifying that the radiometric quantity
v 'R has been generated within the path or path seginent by the scattering of ambient light reaching the path from all
. directions and/or by emission.

@ The parenthetical attachments to the parent symbol denote altitude and direction. The letter z indicates altitude in
gonenil; z is used to specify the altitude of a target. The direction of a path of sight is specified by the zenith
angle 9 and the azimuth ¢. In the case of irradiances, the downwelling irradiance is designated by d, the
upwelling by v.

o The radiometric symbols used herein now correspond to the OSA recommendations in Section 1 of Driscoll and
Vaughn (1978). Prior to June 1980, the symbol used for radiance L was N, for irradiance £ was #, and for
attenuation length Lwas L.

Symbol Units Quantity

A(2) none Albedo at altitude 2, defined
A(g) = E(s,u) / E(2,d).

als) m-! Absorption coefficient,
C(@2) ot m™ Diffuse component of the solar almucantar sky radiance tatio to the sun scalar
irradiance and relative airmass
. C(z) m J‘L(:.O'.cb')c(z.ﬁ‘)dn [ 4(@) 4 Ly (2) ] 4a(2).
1 4
_ ¢ m/s Speed of light ¢ = 2,99792458£8.
S Wm! First radiation constant ¢, = 2rhcl = 3.741832E-16.
€ mK Second radiation constant ¢y = ch/k = 1.438786E--2.
D(s) none Radiance distribution function D(z) = [ L(2,0'.¢")sec6'dd / «(2).
D(\) none Limb darkening factor relating tho average sun radiance and the center sun oo
radiance D(\) = L, / ,L,.
B W/m? Spectral irradiance (formerly symbol H) defined as £, = [ L,(2,0,0) cosd di}.
" Y
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APPENDIX B

Symbol Units Quantity

E Wimum Broad band sensor irradiance, defined as £ = fEA S.T, dr / 8A.

E(z,d) w/m Irradiance produced by downwelling flux as determined on a horizontal flat plate
at altitude 2 [formerly H(z,d)). In this report d is used in place of the minus
sign in the notation [#(z,—)] which appears in Duntley (1969). This property
may be defined by the equation £(z2,d) = f L(2,0'¢") cos®’ df)’".

E(2,u) W/ m Ieradiance produced by the upwelling flux as determined on a horizontal flat plane
at altitude z [formerly M(z,u)). Here u is substituted for the plus sign formerly
used in the notation [H(z,+)).

H(z) m Scale height at altitude z, the height of a homogeneous atmosphere having the
donsity of the layer at altitude 2.

h J/s Planck constant & = 6.626176E-34,

JIK Boltzmann constant k = 1,380662E-23.
L W/ m? Spectral radiance (former symbol N).
q
L W/sr mium Broad band sensor radiance is defined as L = | L, 575 da / A,
[}

Ly(2,0.9) W/sr m? Inherent radiance based on the hypothetical concept of a photometer located at
zero distance from an object at altitude z in the direction specified by zenith angle
0 and azimuth ¢,

L(2,09) W/sr m? Apparent radiance as determined at altitude z, from the end of a path of sight of
longth » at zenith angle  and azimuth ¢. This property may be defined by
L,(2,0,¢) = L,(2,6,0)7,(2,0) + L,(2,0,¢).

LT W/sr m Biack body radiance at wavelength A and temperature 7.

L(s,000) W/sr m Equilibrium radiance at altitude z with the direction of the path of sight spacified

by zenith angle 8 and azimuth ¢. This property is a point function of position
and direction.

As discussed by Duntley er al. (1957), many image transmission phenomena are
most clearly understood in terms of the concept of equilibrium radiance. This
conospt is a natural consequence of the equation of transfer which states
analytically that in any path segment the difference between the output and input
radiances is attributable to a gain term and a loss term, such that some unique
equilibrium radiance L,(z,0,4) must exist at each point such that the loss of
radlance within the path segment is exactly balanced by the gain, ie,
AL(2,0,0) = 0.
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APPENDIX B

~¢ Symbol Units Quantity
x By virtue of this concept and the equation of transfer, one can show that each
\ segment of every path of sight has associated with it an equilibrium radiance, and ‘
that the space rate of change in image forming radiance caused by the path
segment is in such a direction as to cause the output radiance to be closer to the E
oquilibrium radiance than is the input radiance. This segment by segment é
convergence of the apparent radiance of the object field to the dynamic )
oquilibrium radiance was clearly illustrated by the data in the 1957 paper :
referenced above. A
o
- Le(2,0,@) W/sr m Puth function at altitude z with the direction of the path of sight specified by ‘.,
: zenith angle @ and azimuth ¢. This property is defined by the equation %
L.(l'o|¢) - L..(Z.O.é) + L..(:).
L.‘(x.o.t) W/sr m Path function due to scattering, defined by L,(2,0,¢) = { o(2,8)L2,0'¢")d0)", ‘
L, W/ ml Path function due to emittance (absorption) L,,(2) = a(z) LA, 7). .
L (2,09) W/ m Path rudiance as determined at altitude z at the end of a path of sight of length r -
in the direction of zenith angle 8 and azimuth ¢. |
La(2,0,0) W/sr mi Sky radiance at altitude 2, zenith angle 6 and azimuth ¢. Also the path radiance o
for the path of sight of length oo from out of the atmosphere to altitude 2. '
(T
iLu(2,0,09) W/ m Apparent radiance of the center of the solar disk as determined from the end of a ;'-'_.'
path of sight of lsngth oo from out of the atmosphere to altitude z at the zenith o
angle of the sun ¢,. SO
() m Attenuation length at altitude 2. The attenuation length is the distance at which ;
the signal is attenuated to 1/e. i)
‘ MQO\T) W/ml Black body exitance (emittance) M(A,T) = wL (A, 7).
miA\ 1 w/m Black body scalar exitance (emittance) m(\,7) = 4w L (A, 7). q
my(2) w/m Scalur exitance (emittance) per length my(s) = {L.(:.om)dn.
My, (2) w/m Scalar exitance (emittance) per length due to scattering
me, (@) = [ L, (10400 = a(n)s (o) g
me, (s) W/m Scalar exitance (emittance) per longth due to absorption m, (z) = a(z)m (. T).
Me(2,0) ke/mt Absolute air mass at angle ¥ m.(2,6) -} plz)dr.
] L
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! APPENDIX B

Symbol Units Quantity

Mu(2,0)/ma(2,09 none Relative optical air mass.
-m(@,) none Relative optical asirmass at zenith angle of the sun, shorthand for
m-(!.‘.)/m-(t.ﬂ').

N(z) none Refractive modulus N(z) = [#(z) - 1) &6,

1)) none Refractive index.

Q@) none Optical scaitering mixing ratio at altitude 2. This quantity is defined as the ratio
of the total volume scatiering cocfficient at altitude z, to the molecular {(or
Rayleigh) volume scattering coefficient at the same altitude .
Q(2) = 5(2)/ps(2).

2(2,8) none Volume scattering function ratio at altitude 2. This quantity is defined as the ratio
of the total volume scattering function at altitude z and scattering angle 8, to the
molecular (or Rayleigh) volume scattering function at the same altitude and
scattering angle. 9(2,8) = o(2,8) / pc(2,8).

r m Path length, for paths of sight at zenith angles 0 to 70 degrees, 7 = secd Az,

5T none Standardized relative spectral response of flter/cathode combir.ation where S, s
spectral sensitivity of the multiplier phototube cathode and 7, is spectral
transmittance of optical filter. The relative spectral response values are
normalized to the peak value.

o(x) m-! Total volume scattering coefficient as determined at altitude 5. This property may
be defined by the equations

1(2) = {a(r.p)dﬂ - ps(2) + 4s(2).
In the absence of atmospheric absorption, the total volume scattering coefficient is
numerically equal to the attenuation coefficient,

ns(2) m Volume scattering coefficient for Mie Le. particulate or droplet, scattering at
altitude z.

as(e) m Volume scattering coefficient for Rayleigh /.¢. mnlacular, scattering at altitude .

T K Absolute temperature in degrees Kelvin.

T,(2,0) none Radiance transmittance as detormined at altitude z for a path of sight of length r
al zenith angle # (formerly referred to as "beam"” transmittance). This property is
indopendent of azimuth in atmospheres having horizontal uniformity. It is always
the same for the designated path of sight or its reciprocal.

Tu(z.0) none Radisnce transmitance for the path of sight at zenith angle # from out of the

atmosphere 10 the altitude z.
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APPENDIX B

Symbol

Quantity

13,(2)
."' (2)
© Mlag ()

© o aly(e)

L . %%
. ATy .\"3 Ve

AT Lt

Optical thickness ¢,,(z) = f a(z)dz.

4

Absorption optical thickness ;¢,,(z) = f a(z)d.
4

Mie optical thickness y1,,(z) w» _f us(2)ar.
L

Rayleigh or molecular optical thickness p1,,(z) = f rs(2)dz,

5
Radiant density.
Watt W = J/g,
Altitude, usually used as above ground level.
Altitude of any upplicable object or target,
Volume attenuation coefficient as determined at altitude z. a(z) = a(z) + $(2).

Symbol for scattering angle of flux from a light source. It is equal to the angle
between the line from the source to any unit scattering volume and the path of u
ray scattered off this direct line. See illustration.

Unit Volume

-

Symbol to indicate incremental quantity and used with r and 2z to indicate small,
discrete increments in path length r and altitude z.

Effective passband (formerly designated “response area”) for a filtered sensor is
defined as 8\ -} S.L d\.
[ ]
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Symbol Units Quantity
«(2) W/m? Scalar irradiance. This may be defined as the radiant flux arriving at a point, from o
all directions about that point, at altitude z (Tyler and Preisendorfer (1962)). -
€(z) = J' L(z,0',6"d0" -
v ""
¢8(2) Wimt Diffuse scalar irradiance ye(z) = «(z) — ,a(2). k)
W/m Sun scalar irradiance at altitude z ,e(z) = ,a(%) T'u(2,0,). Ej
. "_. LY
4 m Radius of the earth. o
. deg Symbol for zenith angle. This symbol is usually used as one of two coordinates to ’
o specify the direction of a path of sight. .31
. o
N deg Symbol for zenith angle usuully used as one of two coordinates to specify the ‘
direction of a discrete portion of the sky. .:;.j
A deg Zenith angle of the sun.
X nm Symbol for wavelength.
Y nm Mean wavelength is defined us i = ] AST d\/ 8
. [
u(np ! Rutio of solar almucantar sky radiance to scalar sun irradiance and airmass.
. M(Lnﬁ) LY A (8;9..5)/ [ ,.(‘)M(o,)ll
¢@) W/im Net itradicnce. §(z) = E(2,d) = E(2,u).
p(2) ke/m Density at altitude 2.
o) m-\gr-! Symbol for volume scattering function. Parenthetical symbols are z to designate
altitude and 8 to designate the scattering angle from a source.
o(2,8)/3(z) sr-! Normalized volume scattering function. This may be defined by the cquation
£[ a(3,8)/ 3(2)]d0 = 1.
7. (2.8) s Optical thickness function. 7,,(z,8) = f o(z,8)ds.

41-
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f
Symbol Units Quantity X
¢ deg Symbol for azimuth. The azimuth is the angle in the horizontal plane of the

observer between a fixed point and the path of sight. The fixed point may be for
example, true North, the bearing of the sun. or tae bearing of the moon. This

symbol is usually used as one of two coordinates to specify the direction of a path :—:'

of sight. -

¢ deg This symbol for azimuth is usually used as one of two coordinates to specify the 3

direction of a discrete portion of the sky. P3s

|

s IR I deg Angular solar radius at true earth-to-sun distance. 7

v deg Angular solar radius at mean solar distance. ,.]

.::r‘ ! i
n sr Symbol for solid angle. For a hemisphere, ) = 2# steradians. For a sphere,

) = 47 steradians.

AT TN

.
v
.
[}

3

w(z) N none Single scattering albedo w(z) = 3(z) / al2).

LA

E




Table B.1. Notational equivalencies.

Chandrasekhar (1960)

Symbo}

Definition

: nF

Jp

J(n)

T o @

€

Radiant energy
Net fux
Specific intensity

Average intensity

~+ Mass emission coefficient

Mass emission coefficient x density

Mass emission coefficient due
to scattering

Mass absorption coefficient
Mass absorption coefficient x density
Phase function

Thickness

Source function
Integrated energy density
Single scattering albado
Scattering angle

Polar angle

cosine of polar angle
Frequency

Density

Normal optical thickness
Azimuth

Solid angle

.43.
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Visibility Laboratory

Symbol Definition
E Irradiance
£ Net irradiance
L(z,6,¢) Radiance
¢/dx Average radiance
L.(2,0,0)
0 Path function/density
Lo(2,0,0) Path function
ST I
alp Attenuation coofficient divided
by the density
alz) Attenuation coefficient
4ro@la  Cincion/unanoaion sooftent
t Path length
L, Equilibrium radiance
w Radiant density
w(z) Single scattering albedo
B Scattering angle
] Zenith angle
cos § cosine of zenith angle
1/A Inverse wavelength
p Density
tas Optical thickness
o Azimuth
n Solid angle
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APPENDIX C

VISIBILITY LABORATORY CONTRACTS
AND RELATED FUBLICATIONS

Previous Related Contracts:
F196€28-73-C-0013, F19628-76-C-0004

. PUBLICATIONS:

Duntley, 8.Q., R.W. Johnson, JI. Gordon, and
A. R. Bolleau, "Airborne Measurements of Optical
Atmospheric Properties at Night", University of Call.
fornia, San Diego, Scripps Institution of Oceanogra-
phy, Visibility Laboratory, SIO Ref. 70-7, AFCRL.
70-0137, NTIS No. AD 870 734 (1970).

'Durntley. $.Q., R.W. Johnson, and J.1. Gordon, "Airborne

Measurements of Optical Atmospheric Properties in
Southern Germany®, University of Californis, San
Dicgo, Scripps Institution of Oceanography, Visihility
Laboratory, S1IO Ref. 72-64, AFCRL-72-0255, NTIS
No AD 747 490 (1972a).

Duntley, 3.Q., R.W. Johnson, and J.1. Gordon, "Airborne
and Ground-Based Msasuremonts of Optical Atmos-
‘pheric Properties in Central New Mexico", University
‘of California, San Diego, Scripps Institution of
Oceanography. Visibility Laboratory, SIO Ref. 72-71,
AFCRL-72-0461, NTIS No. AD 751 936 (1972b).

Duntley, 8.Q., R.W. Johnson, and J.1. Gordon, "Airborne
Measurements of Optical Atmospheric Properties,
Summsry arxd Review”, University of Caiifornia, San
Diago, Scripps Institution of Oceanography, Visibllity
Laboratory, SIO Ref, 72-82, AFCRL-72-0593, NTIS
No. AD 754 898 (1972¢).

Duntley, 8$.Q., R.W. Johnson, and J.I. Gordon, “Airborne
Measurements of Optical Atmospheric Properties in
Southern Illinols’, University of California, San
Diego, Scripps Institution of Oceanography, Visibility
Laboratory, SIO Ref. 73.24, AFCRL.TR-73-0422,
NTIS No. AD 774 597 (1973).

Duntley, 5.Q., R.W. Johnson, and J.I. Gorden, "Airborne
and Ground-Lased Measurements of Optical Atmos-
pheric Prope:ties in Southern lllinois", University of
California, San Diego, Scripps Institution of
Ocesnography, Visibility Laboratory, SIO Ref. 74.25,
?FCI%L-TR-M-OZ%. NTIS No. ADA 013 164

1974).

Duntley, 5.Q., R.W. Johnson, and J.I. Gordon, "Airborne
Measurements of Optical Atmospheric Properties in
Western Washington®, University of Califurnia, San
Diego, Scripps Institution of QOceanography, Visibility
Laboratory, SIO Ref. 75-24, AFCRL-TR-75-0414,
NTIS No. ADA 026 036 (1975a).

Duntlzy, 8.Q., R.W. Johinson, and J.I. Gordon, "Airborne
Measutements of Optical Aimospheric Properties,
Summary and Review 1I", Unjversity of California,
San Diego, Scripps institution of Oceanography,
Visibility Laboratory, SIO Ref. 75-26, AFCRL-TR-
75-0457, NTIS No. ADA 022 675 (1975b).
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Duntley, $.Q., R.W. Johnson, and J.I. Gordon, "Airborne
Measurements of Optical Atmospheric Properties in
Northern Germany”, University of California, San
Diego, Scripps Institution of Oceanography, Visibility
Laboratory, SIO Ref. 76-17, AFGL-TR-76-0188,
NTIS No. ADA 035 571 (1976).

Duntley, $.Q., R.W. Johnson, and J.I. Gordon, "Airborne
Measurements of Atmospheric Volume Scattering
Coefficients in Northern Europe, Spring 1976",
University of California, San Diego, Scripps Institu-
tion of Oceanography, Visibility Laboratory, SIO Ref.
‘(7793.7 )AFGL-TR-77-0078, NTIS No. ADA 046 290
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Duntley, $.Q., R.W. Johnson, and J.1. Gordon, "Airborne
Measurements of Atmospheric Volume Scattering
Coefficients in Northern Europe, Fall 1976", Univer-
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Oceanography, Visibility Laboratory, SIO Ref. 78-3,
AFGL-TR-77-0239, NTIS No. ADA 057 144
(1978a).

Duntley, 5.Q., R.W. Johnson, and J.I. Gordon, "Airborne
Measurements of Atmospheric Volume Scattering
Coefficients in Northern Europe, Summer 1977,
University of California, San Diego, Scripps Institu-
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78-28, AFGL-TR-78-0168, NTIS No. ADA 068 611
(1978b).

Duntley, $.Q., R.W. Johnson, and J.I. Gordon, "Airborne
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San Diego, Scripps Institution of Oceanography,
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0286, NTIS No. ADA 073 121 (1978¢).

Fitch, BW. and T.S. Cress, "Measursments of Aerosol
Size Distribution in the Lower Troposphere over
Northern Europe”, University of California, San
Diego, Scripps Institution of Oceanography, Visibility
Laboratory, SIO Ref. 81-18, AFGL-TR-80-0192,
NTIS No. ADA 104 272 (1981). Also J.Appl.Met.
20, No. 10, 1119-1128.

Gordon, J.I., "Model for a Clear Atmosphere”, J. Opt. Soc.
Am. 59, 14-18 (1969).

Gordon, J.1, J. L. Harris, St., and 5.Q. Duntley, "Measur-
ing Earth-to-Space Contrast Transmittance from
Ground Stations", Appl. Opt. 12, 1317-1324 (1973).
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